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RHEOLOGY OF NATURAL HYDRAULIC LIME GROUTS FOR MASONRY 

CONSOLIDATION 

 

Abstract 

The overall goal of this research is to study the rheology of injection grouts for consolidation of old 

stone masonry walls. The research presented here is essentially experimental and it comes up from 

the need to gain a deep knowledge about the behaviour of natural hydraulic lime grouts for masonry 

consolidation. Multi-leaf masonry wall is a construction type in many old masonry buildings. Often 

these masonries need consolidation to improve their mechanical performance. The grout injection is 

one technique often used for that purpose, aimed at increasing the compactness of the masonry and 

therefore improving the mechanical properties of the whole masonry building without 

compromising its architectural value, since this technique does not change the aesthetic appearance 

of the masonry. 

 

Grout can be seen as a suspension of binder particles in water which has a considerable fluidity in 

order to be pumped into voids and cracks within masonry. The efficacy of grouts injection depends 

mainly on their rheological properties, which means that the flow properties of fresh grouts govern 

the ability of the grout to flow and fill the voids within masonry. In this context, the rheology of 

grouts plays an important role in order to control and improve the fresh grout behaviour and, 

therefore, to ensure the quality of the masonry consolidation.  

 

Usually grouts are made of binder and water. However, those simple compositions are unable to 

perform the masonry consolidation efficiently, therefore requiring the use of additional products 

such as admixtures and pozzolans. The lack of information about the influence of these products in 

the rheological behaviour as well as in what concerns stability, mechanical strength and modes of 

action in natural hydraulic lime-based grouts emphasising the importance of the proposed detailed 

research. Thus, a contribution to the improvement of knowledge affecting both the scientific 

community and industry will be made. 
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- stone masonry 

- injection grouts  
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- pozzolans 
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REOLOGIA DE CALDAS DE CAL HIDRÁULICA NATURAL PARA CONSOLIDAÇÃO 

DE ALVENARIAS 

 

Resumo 

A presente tese tem como principal objectivo estudar o comportamento reológico de caldas 

(“grouts” em inglês) para consolidação de alvenarias de pedra antigas. A investigação proposta é 

experimental e surge da necessidade de aprofundar o conhecimento científico no que respeita ao 

comportamento de caldas de injecção à base de cal hidráulica natural. As alvenarias de pedra de 

pano múltiplo representam a solução construtiva mais comum nas edificações antigas de alvenaria. 

A sua preservação requer muitas vezes a necessidade de consolidação com vista à melhoria das suas 

características mecânicas. A técnica de consolidação por injecção de caldas é uma das mais 

utilizadas nestes tipos de edifícios. O seu objectivo é incrementar a compacidade da alvenaria e ao 

mesmo tempo criar ligações entre os panos interiores e exteriores, melhorando o seu comportamento 

monolítico sem comprometer o seu aspecto exterior. 

 

As caldas podem ser vistas como suspensões com considerável fluidez de modo a poderem ser 

facilmente bombeadas e fluir pelas fissuras e vazios existentes na alvenaria. O sucesso da injecção 

depende das características da alvenaria mas também do desempenho da calda no seu estado fresco. 

Ou seja, o desempenho da calda no estado fresco revela-se tão importante quanto o seu 

comportamento no seu estado endurecido, na medida em que o sucesso da consolidação depende da 

capacidade da calda em penetrar no núcleo da alvenaria. Deste modo, a reologia surge como uma 

ferramenta muito útil para caracterização das caldas com base em propriedades reológicas que 

permitem avaliar e melhorar o comportamento das caldas com vista a se obter uma injecção bem-

sucedida. 

 

No entanto, as caldas para fins de injecção devem ser correctamente concebidas, optimizando o seu 

desempenho. Isto significa qua composições simples de ligante e água geralmente não apresentem 

os requisitos adequados; portanto, deve-se recorrer à utilização de aditivos e pozolanas para 

melhorar o comportamento reológico das caldas e a sua estabilidade, optimizando a capacidade de 

injecção. A grande falta de informação acerca da influência de aditivos e pozolanas nas propriedades 

reológicas, estabilidade, resistência mecânica e mecanismos de actuação nas caldas à base de cal 

hidráulica natural justifica a realização de um trabalho detalhado de investigação sobre o assunto, 

contribuindo para o aumento de conhecimento da comunidade científica e da indústria sobre o efeito 

destes materiais. 
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Notations and symbols 

 

Symbol Units Designation 

F N Force 

τ Pa Shear stress 

A m
2
  Area 

  Pa.s Apparent viscosity 

   Pa.s Plastic viscosity 

   Pa Yield stress 

   s
-1

 Shear rate 

k Pa.s
n
 Consistency coefficient 

n - Power-law index 

α 
o 

Cone and plate geometry angle 

h mm Gap size 

R mm Radius 

I - Grout injectability 

λ - State of flocculation 

m Kg Injected grout mass 

ρ Kg/m
3
 Density of grout 

Vv m
3
 Voids volume of porous medium 

 

 

Notation Designation 

AEA Air entraining agent 

ANOVA Analysis of variance 

ASTM American society for testing and materials 

CaO Calcium oxide 

CaCO3 Calcium carbonate 

Ca
2+

 Calcium ion 

Ca(OH)2 Calcium hydroxide 

C3A Tricalcium aluminate 

C4AF Tetracalcium aluminoferrite 

C2S Dicalcium silicate 

C2AS Gehlenite 

C-S-H Calcium-Silicate-Hydrate 

CH Portlandite 

DOE Design of experiments 

DTG Derivative thermogravimetry 
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EN European standard 

FA Fly ash 

Mix Mixture 

NHL Natural hydraulic lime 

PC Carboxylic acrylic acid 

PE Carboxylic ethers 

PFI –theory Particle Flow Interaction theory 

rpm Revolutions per minute 

SEM Scanning electron microscopy 

SF Silica fume 

SMF Sulphonated melamine-formaldehyde 

SNF Naphthalene-sulphonate-formaldehyde 

SP Superplasticizer 

SO4
2-

 Sulfate ion 

TG Thermogravimetry 

w/b water/binder ratio 

XRF X-ray florescence 
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The motivation, the main goals and thesis structure are presented in this chapter. 
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1.1. Motivation and goals 

 

The overall goal of this research is to understand and improve the performance of injection grouts 

for consolidation of old stone masonry walls. Stone masonry buildings are one of the most common 

construction types in many European cities centers. Those masonry walls often need consolidation 

to improve their mechanical performance. The consolidation of stone masonry buildings are 

amongst the most important building conservation activities. This is so, because besides 

safeguarding the human lives involved, the cultural level has to be preserved. The authenticity of the 

historic monument, concerning both its structural and architectural values, must be safeguarded. 

 

For over half a century it has been defined principles for guiding the preservation and restoration of 

old buildings (e.g. Athens charter 1931, Venice charter 1964 and ICOMOS
1
), which helped 

architects, engineers and others responsible for the conservation of old buildings to stay more 

conscious of their responsibility to safeguard the old buildings as heritage for future generations. 

The conservation of old buildings should follow a correct philosophy of repair which must fit each 

building particularities. For instance, old stone masonries have particular problems which require 

technical approaches different from the ones used in other situations, such as other type of masonry 

(e.g. brick masonry). The consolidation of old stone masonry buildings often involves the need to 

stabilize walls by improving its monolithism and for that purpose the injection of grouts appears as 

an interesting solution. 

 

The grout injection is a technique used for the consolidation and strengthening of old stone masonry 

buildings. Grout is a fluid mixture of binder, water and admixtures (see 2.4). Injection grouts should 

be well conceived, taking into account the optimization of their performance, namely its fluidity, 

injectability, stability and mechanical properties (Valluzzi et al. 2004). The grout, once injected into 

the inner core of the masonry, enhances the cohesion of the wall by filling the empty spaces and 

small cracks within masonry thickness. Thus, the mechanical behaviour of the masonry building is 

enhanced without affecting its appearance and, therefore, without compromising its architectural 

value. 

 

                                                 
1 ICOMOS (International council on monuments and sites)  – Recommendations for the analysis, conservation and 

structural restoration of architectural heritage. International Scientific Committee for Analysis and Restoration of 

Structures of Architectural Heritage   
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The goals of the proposed research are motivated by the lack of information about the influence of 

pozzolans and admixtures in the performance of natural hydraulic lime-based grouts, particularly in 

what concerns rheology, stability, mechanical strength and modes of action in natural hydraulic lime 

binder. The efficacy of the grouts depends mainly on the injectability properties, rather than its 

hardened characteristics. Therefore it is essential to evaluate the effectiveness of the injection grouts 

in terms of keeping their properties that are considered as adequate. For that purpose the use of 

rheology has proven to be useful. So, this research will focus in depth the relations between grout 

composition, rheology, fluidity and injectability. Gathering this information will allow a better 

knowledge of the influence of grout components on its performance and of the adequate conditions 

for their use. This research has particular relevance due to the absence of studies involving natural 

hydraulic lime grouts combined with other materials compared to the amount of information that 

exist in the case of Portland cement-based mixtures. It should be noted that to use cement as binder 

in interventions in old buildings is an example of incorrect restoration intervention, because the 

interaction of cement with the pre-existing materials may end up by causing more harm than good 

(Collepardi 1990). Currently, there are already a few studies on natural hydraulic lime-based grouts 

(Bras and Henriques 2012; Bras 2011; Papayianni and Pachta 2012). However, the investigation of 

hydraulic lime grouts is still very incipient. Hence, a contribution to the improvement of knowledge 

affecting both the scientific community and industry will be made. 

 

1.2. Research objectives  

 

The research lines of the proposed work are the following: 

1. Study the influence of the mixing procedure in grout behaviour and how it may improve 

some essential injection characteristics, such as stability, water retention and workability. For 

this task several mixing procedures will be tested and based on the experimental data and 

using the Taguchi method an optimal mixing procedure will be proposed. 

 

2. Evaluation of the influence of different pozzolans and admixtures on grout performance. The 

efficiency of the consolidation depends on the grout ability to penetrate voids which depend 

on characteristics like composition and rheology. For this reason, it is important to 

understand how different materials, which can be present in grout composition, influence its 

rheology, stability, water vapour permeability, mechanical strength, among others. 
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3. Based on the results of the previous step, the effect of different grout components dosages on 

the workability, wettability, stability and mechanical strength will be analysed, allowing the 

choice of an adequate grout composition. 

 

4. Study the influence of environmental temperature on rheological properties such as yield 

stress, plastic viscosity and thixotropy of grouts. Rheological measurements will be made in 

order to better understand the flow behaviour of grouts under different environmental 

temperatures. In addition the effects of temperature on grout injectability and hydration 

kinetics will be made through injection tests and thermogravimetric analysis, respectively. 

 

5. Development of models for prediction of plastic viscosity and yield stress of hydraulic lime 

grouts using experimental results coming from simple flow tests traditionally used on field. 

The proposed models will allow calculating a physical parameter (e.g. viscosity) instead of 

an empirical one (e.g. fluidity) and, therefore, these models will be very useful to simplify 

the grout design methodology. 

 

1.3. Thesis content 

 

This thesis is organized as follows. First, before the development of the experimental work, an 

extensive review of the literature on this subject is made. The literature review is presented in 

chapters 1 to 3 and it represents the starting point for the research proposed. Chapter 4 presents the 

materials used as well as the reasons for their choice. In chapter 5 it is shown that different mixing 

procedures lead to different fresh grout properties and an adequate mixing procedure is suggested. 

Thus, in chapter 6 the research is conducted to get an insight into the influence of different materials 

in grout composition on its fresh and hardened properties. After knowing which ones are the best 

materials to include in the grout composition, it will be possible to fine tune the grout composition in 

order to improve the injection grouts performance, as presented in chapter 7. In chapter 8 the effects 

of temperature on both fresh and hardened grout performance are analysed in order to better 

understand the behaviour of grouts under different environmental temperatures. Grouts 

characterization based on resting time and rate of flocculation at different temperatures is conducted. 

Subsequently, the influence of temperature on grout injectability and hydration kinetics is analysed 

through injection tests and thermogravimetric analysis, respectively. In chapter 9 mathematical 

models were developed with the main purpose of predicting and controlling the rheological 

properties of grouts just performing simple flow tests traditionally used on field. The goal is to get 



Chapter 1. 

 Introduction 

 

 
________________________________________________________________________________________________ 

6

models that allow to calculate a physical parameter (e.g. viscosity) instead of an empirical one (e.g. 

fluidity), just performing simple flow tests. Conclusions and recommendations for future work are 

presented in Chapter 10. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2. GROUT INJECTION FOR STONE MASONRY 

CONSOLIDATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter it is given a general description of stone masonries, in particular its typologies and 

damage mechanisms. Concerning stone masonry conservation, it is presented the grout injection 

technique as one efficient technique to increase or maintain the characteristics of the masonry. 

Regarding injection grouts, some materials that may be used and their desirable working properties 

are presented. 

2 
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2.1. Description of old stone masonry  

 

During many centuries the stone masonry walls were used as a constructive technique and it 

represents the large majority of old buildings and dwellings in many urban centres in Portugal as 

well as across Europe. Old stone masonry walls present peculiar mechanical behaviour which is 

different from that of brick masonry walls or regular stone masonry in new buildings (Binda et al. 

2006). Masonry is a general term that includes a large variety of materials and construction 

techniques. Old stone masonry can be seen as a heterogeneous element, made of stones, mortar and 

other kind of unbounded material. Nevertheless, it is not only the nature of materials that affect their 

characteristic and eventual state of damage, also the constructive solution adopted plays an 

important role (Van Rickstal 2000). 

 

Over the years a classification of stone masonry together with the description of its constructive 

evolution has been carried out. Firstly, masonry classification was made based on functional aspects 

of masonry rather than to its appearance. For instance, this kind of classification makes distinction 

between masonry walls which constitutes the defensive system of castles and masonry used for 

ordinary buildings. According to some authors (Carocci 2001; Guiffré 1999) two large classes of 

stone masonry were stated, namely those masonries corresponding to a “popular” and a “noble” 

tradition of building construction. For instance, masonry walls made of pebbles and irregular stones 

belong to the class of “popular” constructions (Figure 2.1). On the other hand, masonry walls made 

of a casting of stone elements bounded together using a binding agent, represents a development of 

“popular” construction technique (Figure 2.2). Stone masonry made of well layered regular blocks, 

with elements perpendicular to width of the wall that interconnect the different layers, is typical of 

“noble” masonry buildings (Figure 2.3). 

 

 

Figure 2.1 Masonry walls made of irregular stones without binding agent 
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Figure 2.2 Masonry wall made of irregular stones and with binder agent 

 

 

Figure 2.3 Masonry made of well layered regular blocks 

 

 

More recently, an extensive research started in the early nineties by Binda and her collaborators at 

Polytechnic of Milan with the purpose of developing a masonry data-base for mathematical models 

to detect the load carrying capacity of the masonry and, therefore, to study of vulnerability of 

historic centres in Italy; it allowed to identify different morphology of stone masonry. (Binda et al. 

1997; Binda et al. 2003; Penazzi et al. 2001).  

 

Thanks to the research above mentioned, it was possible defined several characteristic parameters to 

classify in a more detailed way the stone masonry walls. Those characteristic parameters are the 

following (Binda et al. 2003): (i) geometry, (ii) texture (see Figure 2.4), (iii) physical and chemical 

characteristics of components (e.g. stone and mortars) and (iv) mechanical characteristics of 

masonry as a heterogeneous material. 
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(a)                                                  (b) 

Figure 2.4 Example of stone masonry textures: (a) irregular texture, (b) regular texture [adapted from (Roque 2002)] 

 

Considering the types of masonry geometries found and their subsequent classification based on the 

number of different layers and on the type of constraints between them (Binda 2000); it was possible 

to define four main classes of sections as represented in Figure 2.5. Moreover, it is worth to remark 

that there was not found a direct relationship between masonry texture and its cross section (Binda 

2000); this means that masonries with regular texture on facade often do not correspond to regular 

morphology in the cross section.  

 

  (a)            (b)         (c)      (d) 

Figure 2.5 Classification of the cross sections of stone masonry walls: (a) a single leaf, (b) two leaves without 

connection, (c) two leaves with connection, (d) three leaf [adapted from (Roque 2002)] 

 

It should be highlighted that the cross section of stone masonry walls strongly influences the bearing 

capacity of the wall. It means that each section type has its own behaviour, and thus each of them 

needs a careful investigation in order to know the geometry, the constructive technique, the crack 

pattern and the damage survey. The interpretation of the crack pattern can be of great help in 

understanding the state of damage of the masonry and its possible causes. For instance, a crack 

pattern showing damage under compression is very common on heavy structures such as towers, 

fortified walls and church pillars. When this type of damage is present, the vulnerability of the 

masonry wall to external actions can be high. The assessment on the structural state of several old 

buildings (mainly in Italy) have shown that some of them the structural safety seems to be very low 
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(Binda and Anzani 1997; Penazzi et al. 2001). In addition, the lack of maintenance can also increase 

the vulnerability of the masonry and consequently the whole building when under critical events as 

earthquakes, which can lead to partially or totally collapse of the building.  

 

Concerning the multiple leaf section, and in particular the three-leaf type, which internal leaf (inner 

core) has generally high thickness (about 50cm – see Figure 2.6), such wall is traditionally made 

with a completely loose internal core - all kind of unbounded material can be found (such as sand 

and small stones) filling the inner core - held by two separate external leaves. These external leaves 

work as formwork for the internal core which in turns plays the important role of load bearing 

capacity. The description of the particularities of the other stone masonry cross sections is beyond 

the scope of this thesis, but is available in (Binda et al. 2000) or (Syngellakis 2014) for the interested 

reader. 

  

Figure 2.6 Example of a section of a three leaf masonry wall [adapted from (Viollet-le-Duc 1854)] 

 

 

Multi-leaf masonry wall is usually characterized by its constructive weaknesses, such as scarce or no 

connection through the thickness and presence of voids and cracks which lead to instability of the 

masonry under both horizontal as well as vertical loads. These constructive peculiarities facilitate 

the collapse of the external leaves (this mechanism is also called out-of-plane collapse) that may 

lead to the global overturning of wall (Penazzi et al. 2001). This mechanism of collapse has 

frequently occurred during seismic events. In fact masonry works are prone to detach from the rest 

of the building and to fail out-of-the plane by disaggregating into different parts (see Figure 2.7 and 

2.8). 
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In general, the worst weakness of multi-leaf masonry walls is the lack of monolithic behaviour, this 

is frequent when the wall is made by small pebbles or by two external layers even well ordered but 

not mutually connected. Due to these constructive particularities the wall can become more brittle 

particularly when external loads act in a horizontal direction; however, the same problem can 

happen under vertical loads if they act eccentrically. Based on the above mentioned, it can be stated 

that the performance of old stone masonry relies on their monolithic behaviour rather than on the 

mechanical properties of individual elements. It means that the good condition of the connections 

between elements is essential towards masonry integrity. 

 

 

Figure 2.8 Collapse of multi-leaf masonries by partial separation of the external leaf (Mauro and Felice 2012) 

 

 

Figure 2.7 Deformation and failure of a two leave wall (Binda et al. 1997) 
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In addition, the masonry conservation frequently requires the need for consolidation in order to 

increase or maintain the masonry shear and flexural strength. Nevertheless, the choice and design of 

the consolidation technique must start from the study and thorough understanding of the real nature 

and behaviour of masonry. Strictly speaking, the masonry consolidation can only be accomplished if 

a proper diagnosis of the masonry system (e.g. degree of degradation, cross section, porosity, cracks 

pattern, voids size distribution, voids network, among other) was carried out. 

 

 

2.2. Grout injection as a consolidation technique 

 

Grout injection or grouting is a process of introducing a fluid mixture into the masonry for the 

consolidation and improving of mechanical properties of the whole masonry system. Grout is a 

suspension of binder particles in water which has a considerable fluidity in order to be poured or 

pumped into pores, voids and cracks within masonry (Cyril 2000). According to several authors 

(Baronio et al. 2003; Van Rickstal 2000; Toumbakari 2002), the grout injection technique aims to 

fill large and small voids and cracks and therefore upgrading the cohesion of masonry, increasing 

also its monolithic behaviour (by establishing adhesion between layers badly connected), together 

with the load capacity. To this aims, the grout should be well designed in order to achieve the 

maximum performance. It means that the flow properties of fresh grout are as important as its 

properties in the hardened state, since they govern the ability of the grout to fill the voids. The 

optimization of grout injectability involves the control of its fresh properties, such as the rheological 

ones so that the grout may be pumped and flow inside the masonry. Furthermore, it is a technique 

which can improve the stability but at the same time without changing the appearance of the 

building or monument, since the grout is introduced/injected into the internal core of masonry and it 

does not damage the aesthetical outlook of the building. Concerning the main principles that explain 

the grout injection efficacy, it can be said that the filling of voids eliminates the concentration of 

vertical compressive stresses around the lateral edges of the voids and reestablishes the adhesion 

forces between the elements of the masonry. Moreover, the mechanical properties of the grout itself 

improves the compressive strength of the mortar (which either is non existing or it is very 

deteriorated) and consequently the compressive strength of the whole masonry. 

 

Grout injection technique can be enumerated based on the method that forces the grout to penetrate 

inside the masonry. There are four different methods to carry out grouting in masonry walls: 
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manually, by pump, gravity or vacuum. The selection of the best method must be done according 

with the context of the specific case and condition of masonry wall. For instance the pouring of 

grout by means of a vacuum system may be useful where fine fractures and small voids are present. 

This is so, because the creation of a complete vacuum system in masonry with huge voids or even 

with a long and complex fracture pattern is often difficult to carry out on site. On the other hand, the 

gravity grouting technique is advisable to much damaged masonry elements. It consists of letting the 

grout enter the masonry, with the help of the gravity force. Therefore, it is only effective if the voids 

inside the masonry are adequately large, once the pressure associated is very low. The hand grouting 

technique can be seen as a small scale procedure that can be adapted to local consolidation and it can 

be an alternative when no other facilities are available. Normally, it is carried out in association with 

repointing solution. Nevertheless, according to Van Rickstal (2000), the pumped grouting is actually 

the most common technique due to its superior efficiency, especially when large volumes of grout 

are needed. 

 

Concerning the pumped grouting, an adequate injection installation is an important requirement to 

produce good quality grouting and to ensure a continuous grout injection with constant pressure. In 

Figure 2.9, the typical injection installation to use during consolidation works in the field is 

schematically presented.  

 

Figure 2.9 Injection installation system [adapted from (Ballivy et al. 2001)] 

 

According to Van Rickstal (2000) a complete set of injection device includes, among others: (i) a 

mixing installation i.e. the device that mixes the materials, such as binder, water, admixtures and 
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additives; (ii) a collector which is the recipient that contains the grout, previously mixed in the 

mixing installation (in order to keep the binder particles in suspension the collector continuously 

stirs the grout); (iii) pump that is fed by the collector and provide pressure control; (iv) conduits i.e. 

tubes that lead the grout from pumping installation to the injection hole; (v) return conduit, which is 

particularly indicated for longer distance between pumping installation and injection holes. In those 

situations when the injection is stopped while the main conduit is switching from one injection hole 

to another the grout will stand still in the conduit, which (depending features of the grout) may lead 

to instability and increase of viscosity. 

 

The technique utilized to introduce grout depends upon the size of consolidation work, accessibility, 

among other; it means that in some situations, cannot always economically be justified to bring in 

the field such a complex and expensive installation. For instance, in small scale projects it could be 

preferred a manual installation or even gravity grouting could be considered (Figure 2.10). Grout 

injection by gravity is a technique that uses the hydrostatical pressure created by a grout column. 

The constant height of the column keeps the injection pressure constant. The pressure will be limited 

because it is practically unfeasible to create a very high grout column; however, this injection 

technique is particularly indicated for small consolidation works which involve injecting of a small 

amount of grout. 

 

 

 

Figure 2.10 Example of gravity grouting [adapted from (Wong 2006) and (Ashurst 1988)] 
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It is well known that the effectiveness of a repair by grout injection depends not only on the 

characteristic of the grout used, but also on the knowledge of the masonry characteristics, with 

emphasis on masonry morphology and size distribution of voids in the wall. According to Binda et 

al (2006) and Penazzi et al (2001) grout injection has been proved to be a suitable technique for 

masonry consolidation when the percentage of voids is between 4% and 15%. As the filling of the 

voids is the main basis of the grout injection, the more porous the masonry, the more effective the 

injection will be. This way, the more deteriorated the masonry is, it is easier for the grout to fill the 

voids and so to be more effective. On the other hand, a masonry wall with very low percentage of 

voids (e.g. less that 4%) the success of the injection is limited and it is recommended to use other 

consolidation techniques (Penazzi et al. 2001).  

 

 

In order to improve the knowledge on the masonry characteristics and therefore improving the 

success of grout injection, a preliminary diagnosis of the masonry should be made. This diagnosis 

must first ensure a previous assessment of the global masonry state which is the basis to justify the 

grouting intervention and it will enable the choice of the most adequate grout composition and 

predict the consumption. After carrying out the grouting intervention, the global effectiveness must 

be checked, not only qualitatively, but also quantitatively. Currently, there are available destructive 

and non-destructive evaluation techniques. Non-destructive testing methods are, by themselves, only 

able to provide a qualitative evaluation of the masonry. This implies that their use alone is not 

enough to justify a grouting operation and to support the design of this operation (Van Rickstal 

2000). Therefore, the diagnosis of the masonry is often a combination of non-destructive techniques 

and classical destructive or slightly destructive techniques.  

 

The non-destructive techniques often include sonic and ultrasonic measurements both measuring the 

transmission speed for a longitudinal displacement wave inside the element. The pulse wave is 

transmitted at a given location and is received at one or more points by means of convenient 

recording equipment (Donald et al. 2010; Zajadacz and Simon 2006); these tests are also ideal to 

compare the initial masonry state with the injected one. The slightly destructive tests include the 

inspections using borescope and fiber optic endoscopy inserted into a cavity or hole opened in the 

masonry (Donald et al. 2010). These tests allow a visual inspection of the masonry inner core but 

they essentially give qualitative information. In what concerns the destructive techniques, according 

to Van Rickstal (2000) coring is probably the most frequently used. The coring enables furthermore 

to judge the quality of the inner masonry by visual inspection of the cores. This technique of coring 
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is very important, since it allows to characterize the cores from a chemical, physical and mechanical 

point of view as well as to get an idea of the composition and content of the masonry inner core. 

However, the method has important limitations in practice; since it only reveals a local condition. As 

masonry is a heterogeneous material, many cores must be collected to get representative results. 

Another destructive test, although less common, is the flat-jack test (RILEM TC 177-MDT 2004). It 

is a slightly less destructive test than coring, which enables the evaluation of the local in plane 

compressive state of masonry and its stress-strain relation, which coring does not. The combination 

of these diagnosis techniques are very suitable to obtain a qualitative as well as quantitative picture 

of the masonry and to decide about which areas need to be injected. Table 2.1 presents the synthesis 

of the possible tests for masonry evaluation and some drawbacks of each test are pointed out. 

 
Table 2.1 Synthesis of the possible tests for masonry evaluation 

Type of test How appropriate is it? Main drawbacks 

Sonic and ultrasonic 

tests 
++++ 

- Difficulty in interpreting results 

- Presence of water 

- Masonry thickness 

Borescope and fiber 

optic endoscopy 
++ 

- Very located evaluation 

- Need of holes (even small) 

- Difficulty in interpreting images 

Coring +++ 

- Need to drill deep cores 

- Cores weakness 

- Very located evaluation 

Flat-jack test + 

- Need to open slots 

- Difficulty in performing openings in 

masonries with irregular joints 

+ unsuitable           ++++ very suitable 

 

 

As soon as the void pattern are defined the injection preparation typically begins with clearing of 

looses debris and dust, and after that a general repointing is recommended in order to seal the 

masonry to prevent the leakage of the grout (Van Rickstal 2000). After repointing, the second stage 

of the preparation is the drilling of the injection holes. Preferably the holes are drilled in the joints 

(Figure 2.11 and 2.12). This way they will be less visible afterwards. The holes should incline 

downwards. Three parameters of the injection holes are important: (i) the pattern, (ii) the density or 

the distance between two adjacent holes and (iii) the depth of the holes. These parameters, therefore, 

depend on the type of masonry, the overall condition of the masonry and incidence of cracks (Van 

Rickstal 2000). 
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Figure 2.11 Injection holes in the external masonry leaf 

 

 

The depth of the injection hole should at least be half of the wall thickness in order to reach all the 

major voids. Nevertheless, if the voids are rare, the drilling hole should reach at least two third of 

the walls thickness, to ensure a uniform diffusion of the grout in a transverse section. In the case of 

double multi-leaf masonry with rubble core, it must be ensured that not only the core but also the 

exterior leaves are injected. Concerning the diameter of the hole, it should be sufficiently large to 

ensure a proper grout flow. Especially if the wall is thick, the discharge through the injection hole 

can reach significant values. The injection holes are the only flow channels that the work team has 

under control, so they should be as perfect as possible. 

 

   

Figure 2.12 Detail of the injection pipe [adapted from (Oliveira et al. 2012)] 

 

 

 

1-Wall 

2-Injection holes 

3-Grout mixture 
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Based on the literature review, several geometries for injection are proposed. For instance, it is 

shown in Figure 2.13 and 2.14 two possible injection geometries, in which each circle means an 

injection hole. A denser pattern increases the covered surface (for instance the injection geometry 

using the closest pattern increases the covered surface with around 12 % in comparison with a 

square pattern). 

 

 

Figure 2.13 Square pattern geometry (21.5 % not covered) (Van Rickstal 2000) 

 

 

Figure 2.14 Closest pattern geometry (9.3 % not covered) (Van Rickstal 2000) 

 

Nevertheless, from theoretical point of view, the denser the injection hole pattern, the more 

homogeneously the masonry will be injected and the better the final result. But there are others 

constraints that reduce the possible number of injection holes. First, those holes need to be drilled. 

On the other hand, a switch from one hole to another means extra work, and therefore extra time 

needed to complete the job. In addition to this, technical reasons limit the density of the injection 

holes. If the neighbouring holes around the one that is being injects are not sealed, these holes may 

act as leakages. Moreover, it is only recommended a denser pattern if the masonry is in a more 

precarious condition. Notwithstanding, the grout injection can also be performed through the 

existing cracks, it reduces the drilling procedure. 
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In general, there is limited literature about grout injection patterns. However, the density of the 

injection holes and the recommended number of holes found in literature is mentioned in Table 2.2. 

Table 2.2 Recommended injection holes pattern found in literature 

Reference Injection holes pattern recommendations 

(Van Rickstal 2000) Closest pattern of the injection holes is preferable 

(Toumbakari 2002) 

Slightly inclined holes (approximately 30cm long ). Their distance 

varied between 20-25cm, depending on the regularity of the wall 

itself 

(Gemert, Rickstal, and 

Toumbakari 2003) 

The injection is made through vertical or slightly inclined holes, 

with a diameter of 50 mm. (no spacing is specified) 

 

(Keersmaekers 2006) 
Three injection holes drilled, forming an equilateral triangle with a 

distance of 60 cm 

(Uranjek et al. 2012) 
The holes are drilled in a zig-zag pattern at a uniform spacing of 

30 cm and forming an angle of 15º to the horizontal 

(Oliveira et al. 2012) 
Vertical spacing of the holes between 100 mm and 200 mm, while 

the horizontal spacing was between 250 mm and 300 mm 

 

Before injection, the masonry can be moistened (by simple injection of water) through the holes in 

order to rinse out the dust and to clear the injection paths. Thereafter, the mortars and masonry inner 

core are wetted too; so that the problems due to high water absorption of the grout (shrinkage and 

segregation of the grout) can be minimised. Nevertheless, some authors recommend pre-wetting the 

masonry only if absolutely necessary to improve the injectability. This is so, because if there is no 

water absorption by the materials of the masonry being injected (i.e. if the masonry does not absorb 

any water from the grout since it is already saturated) the adherence between the injected grout and 

masonry materials can be compromised (Jorne and Henriques 2013; Van Rickstal 2000). Moreover, 

soluble salts in masonry can be solubilised by the water and crystallized after water evaporation, 

either over the exterior surface or inside interfaces between the mortar and the masonry elements. 

This means that pre-wetting has to be used with precaution. 

 

Another important parameter in the grout injection procedure is the injection pressure i.e. the 

pressure at the inlet towards the injection holes and that enables the penetration of the grout inside 

the masonry. As previous mentioned, the technique utilized to introduce grout depends upon several 

factors; however the pump system is often used to deal with most grouting interventions. So, if the 

injection pressure is the driving force behind the penetration of the grout; it means that the higher 

the pressure the easier and faster the grout will flow inside the masonry. According to Van Rickstal 

(2000) if the grout flows faster it will loose less water by adsorption, which is good for the stability 

of the grout. However, high injection pressure causes that the grout blows up the masonry 
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introducing tensile stress which may not be supported by the masonry, which could endanger the 

stability of the whole structure. The internal state of deterioration plays an important role. The more 

deteriorated the masonry is inside, the less resistance it offers to grouting, making the penetration of 

the grout easy. To date, a theoretical formulation, enabling to quantify the necessary pumped 

pressure or the maximum pressure the masonry supports, has not yet been defined, mainly due to the 

high variability of masonry characteristics. Therefore, based on the literature reviewed, it can stated 

that the injection pressure should be limited a few bars. In Table 2.3 some values for the injection 

pressure founded in literature are given.  

Table 2.3 Injection pressure values found in literature 

Reference Pressure (bar) Comments 

(Binda and Saisi 2001; 

Binda et al. 1997) 
0.2 – 0.6 

Pressure will depend on the grout 

proportioning and on the masonry 

characteristics, such as size of the voids and 

the net of low channels linking them. 

(Toumbakari et al. 1999) 0.8-1.0 
Injections performed in sand-column test with 

grouts prepared with two different mixing 

procedures- 

(Uranjek et al. 2012) 3.0 
Grouting of masonry walls built with lime 

mortar and roughly shaped limestone and 

sandstone, with separate brick intrusions 

(Oliveira et al. 2012) 1.0 Injection of three-leaf walls of granite 

masonry- 

(Bras and Henriques 

2012) 
1.0-2.0 

The injection pressure chosen based on the 

characteristics of the porous media 

representing the inner core of masonry walls  

 

Furthermore, the pressure built up inside the masonry core is not the injection pressure but it is the 

addition of the injection pressure and the hydrostatical pressure created by the grout that is still in 

fluid state (this hydrostatical pressure is proportional to the height of the injected column of fresh 

grout) (Van Rickstal 2000). Hence, it is not recommendable to inject the holes in a vertical order, in 

order to prevent that the internal hydrostatic pressure might end up by cause big tensile stresses and, 

consequently, push out the outer leaf of the masonry wall. Nevertheless, if the stability of the 

masonry is very doubtful the use of temporary external reinforcement can be justified. It is also 

worth emphasizing that Binda et al (1997) observed the importance of maintaining a constant 

injection pressure and a continuous feeding of grout to increase the effectiveness of grouting. A 

weak grouting procedure, i.e. not respecting the two former conditions, can led to a 50% decrease on 

the mechanical improvement of the masonry. 
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The injection itself starts at the lowest injection holes, in the middle of the wall. Then it moves 

laterally before the next level of holes can be injected. The filling of one hole continues until the 

pressure exceeds permanently the injection pressure and the grout emerges freely at adjacent 

injection holes. However, this stop criterion can not be used in case the grout flows away through an 

invisible leakage. If leakage occurs during injection a decrease in the pressure occurs and this leak 

must be immediately sealed using fast hardening binder. It is recommended the existence of a 

worker available to perform the sealing work; since these leakages can happen on the injection side 

of the wall as well as on its back side. According with Van Rickstal (2000) three workers are 

required for a good execution of an injection intervention. One worker serves the mixer and the 

pump. The other men works in the neighbourhood of the injection hole. One of them handles the 

valves and takes care of connecting the conduits to the injection hole. The third man helps this 

second one in moving the conduits and seals the occurring leakages. If the grout that streams out of 

the leakage smudges the facade of the building, it should be washed away before hardening. When 

the injection work has been completed, all the pipes must be removed and the injection holes 

repointed.  

 

Grout injection can be pointed out as the most appropriate strengthening technique for old masonry 

walls, especially when there are requirements regarding the preservation of the original appearance. 

It should be noted, however, that grouting is a passive and irreversible technique; so attention needs 

to be focused on the selection of injection grouts which must be compatible with the in situ materials 

in order to ensure a successful consolidation intervention. 

 

 

2.3. Materials for grout injection 

 

The selection of materials for grouts generally depends on a range of factors, such as the desired 

working properties, performance characteristics and compatibility with the original materials 

(Valluzzi 2009; Zajadacz and Simon 2006). Compatibility between the new repair materials and the 

original materials of the masonry is actually a huge concern because the grout must be compatible 

with the original materials and at same time reinstating the integrity of the whole masonry system 

without unintended consequences. Some authors suggest that to design compatible grouts the 
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analysis of the original material should be undertaken, following the example of repair mortars 

(Ferragni et al. 1985). However, trying to match the composition of original mortars presents a 

problem in the case of injection grouts because it is very probable that the some composition will 

not produce working properties which are desirable for an injection grout, such as rheological ones. 

This means that an adequate choice of grout components (specially the binder) is critical to the 

success of a consolidation process. A description of the most important components of an injection 

grout is hereafter presented. 

 

2.3.1. Binders 

Most researchers in field of conservation of old buildings indicate that they try to select the binder to 

be used in the grout based on their similarities to the original materials (Baglioni et al. 1997; Bras 

2011; Valluzzi 2009). Notwithstanding, there are however different opinions about the type of 

binder to use in a grouting intervention of an old building. Many authors defend the idea of using 

hydraulic lime as binder (Ferragni et al. 1982, 1985; Roby 1994), while others supports the use of 

traditional materials and argues that simple air lime is adequate in most circumstances (Ballantyne 

1996). However, both agree that lime based grouts are without any doubt the most compatible with 

the original materials for the consolidation of old masonry. Meanwhile, there are also a small 

minority that supports the use of non-cementitious binders such as synthetic resins (Ballantyne 

1996; Kenyon 1996). 

 

Regarding the air lime, there are several downsides of using this binder. The most highlighted 

disadvantage of using air lime as a grout binder is that it requires exposure to carbon dioxide (CO2) 

in the air to set and, with minimal exposure to air inside a wall, carbonation can only proceed very 

slowly, so the development of strength and durability will be slow as well. Many authors defend the 

idea that air lime can be used as a binder if pozzolanic fillers are present to react with it, permitting a 

setting reaction in the absence of air (Ferragni et al. 1985; Griffin 2004; Roby 1994). Other 

disadvantages of air lime-based grouts may include high shrinkage (Barcellona et al. 1993). 

 

On the other hand, hydraulic lime is commonly used for grouts because, like air lime, it is likely to 

be compatible with original lime-based materials. As mentioned, several studies state a preference 

for hydraulic lime over air lime (Ferragni et al. 1982, 1985; Giorgio 2001). The main advantage over 

air lime is that they set in the absence of air, and hence is particularly suitable for grouting internal 
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voids. However, there can also be some disadvantages to using hydraulic lime as binder. For 

instance, it can be excessively strong (lower elasticity than the original materials) which may end up 

leading to some mechanical incompatibility (Toumbakari and Van Gemert 1998); however their 

hardened performance depends on the composition used, which means that this disadvantage can be 

avoided if a proper grout design was made (Baltazar et al. 2012b). 

 

In literature it can be found several researches on non lime-based grouts including non-aqueous 

grouts using synthetic resins (Ballantyne 1996; Kenyon 1996; Oldenbourg 1996), and cement-based 

grouts, which are mainly used for consolidation of modern cement-based systems or concrete 

structural elements (Bras et al. 2013). It is known that cement does not correspond to the ideal 

binding agent to be used in most old masonry buildings. According to Collepardi (1990) the use of 

cement based grouts to restore old masonries is an example of incorrect restoration intervention, 

because the interaction of cement with the pre-existing materials may ends by causing more harm 

than good. Reasons for such degradation are beyond the scope of this work, but can be found in 

corresponding literature (Collepardi 1990). In the case of grouts using synthetic resins, the major set 

back results from the lack of knowledge of both their behaviour in time and the compatibility with 

the in situ materials. 

 

A consolidation intervention should not cause any damage to the structural and architectural 

authenticity of the building. The properties of hydraulic lime binder tend to give an acceptable early 

strength besides the fact that the lime provides the wanted compatibility to the historical materials, 

physically as well as chemically. Moreover, taking it to account the lack of information about the 

rheological behaviour of hydraulic lime-based grouts this thesis is limited to natural hydraulic lime 

binder, and other binders are not further discussed. 

 

 

2.3.2. Admixtures 

The voids and cracks through which the grout has to penetrate can be relatively small. Such grouts 

need a good fluidity, in order to achieve this behaviour various materials can be incorporated into 

grout mixtures in limited amounts to improve or modify specific properties. For instance, fluidizers 

(also known as plasticizers or water reducers) are used to modify the flow properties. However, the 

most plasticizers are produced to control of the fluidity of cement grouts, mortars and concrete 

rather than hydraulic lime-based grouts. Very few studies on the influence of plasticizers on the 
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behaviour of hydraulic lime grouts, particularly in what concerns rheological behaviour, stability 

and mechanical strength can be found. It means that there is a need to study the plasticizers 

effectiveness over the hydraulic lime based grouts in order to contribute to the improvement of 

knowledge affecting both the scientific community and industry. 

 

Plasticizers can improve the injectability of grouts, reduce segregation and the water content 

required to achieve the desired working properties. This means that the water content is reduced to 

an acceptable level without damaging the required fluidity. They may decrease the viscosity of the 

grout, improve fresh stability (Mikanovic and Jolicoeur 2008) and improve durability (Baglioni et 

al. 1997; Toumbakari and Van Gemert 1998). As consequence of reduced water content a higher 

mechanical strength and lower shrinkage can be obtained (Van Rickstal et al. 2003).  

 

According to Vikan (2005) there are four generations of plasticizers in terms of time of 

discovery/use, such as: 

1) Salts of carboxylic acids 

2) Calcium or sodium lingosulphonate (denoted CLS or NLS); 

3) Synthetic compounds like naphthalene-sulphonate-formaldehyde condensates (SNF) and 

sulphonated melamine-formaldehyde condensates (SMF); 

4) Synthetic carboxylic polymers (polymers and co-plymers of carboxylic acrylic acid) (PC) or 

carboxylic ethers (PE) with grafted polyether side chains. 

 

The second generation dominates the number of references since it has been around for the longest 

time. The numbers of publications in the later years have been focusing on the third and particularly 

on the fourth generation due to its special properties and its usefulness in producing self-

consolidating concrete. Admixtures from third and fourth generation are often referred to as 

superplasticizers or high range water reducers. Note, however, that only the third and fourth 

generation will be further described since they are the only generations of plasticizers currently 

available in the marked and therefore will be used in this work. From now on the author will call 

superplasticizers to all this materials. 

 

Two mechanisms of how superplasticizers disperse particles in a suspension are known: electrostatic 

repulsion and steric hindrance. Negatively charged polymers (common feature of most 

superplasticizers) will adsorb to the positive charged sites and render the total particle surface 
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negatively charged. As negatively charged particles approach each other there will be an 

electrostatic repulsion preventing them from attaching to form agglomerates. The latest generation 

of grafted polymers has the combined effect of electrostatic and steric repulsion. This so called steric 

hindrance is based on size of adsorbed molecules perpendicular to the particle surface (Vikan 2005). 

 

As the third generation superplasticizers is concerned they are synthesised polymers with 

sulphonated groups. SNF is made by polycondensation of naphthalene sulphonate with 

formaldehyde. Its basic structure is shown in Figure 2.15. SMF is made by polycondensation of 

melamine with formaldehyde and a subsequent sulphonation step. Note the difference in synthesis 

sequences. The basic structure of SMF is shown in Figure 2.16. SNF has been used more often than 

SMF in the later years (Vikan 2005). These molecules have a relative molecular weights ranging 

from 2,350 (n = 10) to 4,700 (n = 20) for SNF and 2,800 (n = 10) to 5,700 (n = 20) for SMF. 

 

 
Figure 2.15 The structural units of naphthalene sulphonate formaldehyde condensate (SNF) [adapted from (Vikan 2005)] 

 
Figure 2.16 The structural units of sulphonated melamine formaldehyde condensate (SMF) [adapted from (Vikan 2005)] 

 

The fourth generation of superplasticizers is based on a carboxylic polymers (PC) or carboxylic 

ethers (PE) backbone. This backbone may vary widely in composition depending on the choice of 

monomers as shown in Figure 2.17. The major mechanism of PC and PE superplasticizers is steric 
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hindrance effect i.e. due to adsorption polymers of these superplasticizers on the surface of binder 

particles creates a steric barrier between binder particles. 

 
Figure 2.17 Illustration of a generic group of polyacrylate copolymers where R1 equals H or CH3, R2 is a poly-ether side 

chain (e.g., polyethylene oxide) and X is a polar (e.g., CN) or ionic (e.g., SO3-) group [adapted from (Ramachandran et 

al. 1998)] 

 

The pendent groups also known as side chains are grafted onto the backbone at frequent intervals. 

The backbone provides anchoring the group while the long side chain provides the steric hindrance 

effect resulting from the extension of this side chain away from the binder particles surface. In other 

words the dispersion mechanism happens when the superplasticizer is adsorbed on the surface of the 

binder particles and the steric repulsion is exerted when the binder particles (covered with 

superplasticizer) come closer but cannot touch each other due to the long side chains in the graft 

copolymer (see Figure 2.18). 

 

 
Figure 2.18 Representation of a suspension dispersed through coupled mechanisms exercised by polycarboxylate-based 

superplasticizer 

 

It is commonly accepted that variations in the nature and relative proportions of the different 

monomers in the copolymer yield a group of products having different ranges of functional 

properties. For instance, Yamada et al. in (Yamada et al. 2000) studied the dispersing properties of 

polycarboxylate type superplasticizers with polyether side chains and with different degrees of 

polymerization of the side chain. Polymers with longer side chains, lower degrees of backbone 
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polymerization were found to have highest dispersing power. More recently, Winnefeld et al. in 

(Winnefeld et al. 2007) studied the relation between the structural parameters of polycarboxylate-

ether type superplasticizers with their performance in cementitious systems. They found that the 

charge density of the polymer increases with decreasing side chain density and with decreasing side 

chain length, leading to an increasing amount of free carboxylic groups. This means that it is 

expected that the adsorption of the polymers is enhanced with increasing charge density. 

 

Another important effect associated to the use of superplasticizers is called depletion phenomenon. 

Depletion is caused by surplus polymer molecules which stay in the water phase between the 

particles and prevent them from getting close enough to form agglomerates. These surplus polymer 

molecules in the liquid phase can result from: (i) an excessive initial dosage of superplasticizer 

and/or (ii) as the hydration reaction proceeds, the amount of free water decreases, and so does the 

distance between the hydration surfaces of the neighbouring cement (hydrate) particles. As the 

interparticle space becomes smaller, the polymer concentration becomes higher. The concentration 

of polymers confined in this volume may create a substantial osmotic pressure effect. The latter 

would either tend to expel the polymers from the confined interparticle space. This effect would 

induce a particle-particle attraction (Chandra and Bjornstrom 2002). It means that a higher 

superplasticizer concentration may lead to reverse effect (Banfill 2011). 

 

One of the advantages of using superplasticizer is without doubt the improvement of rheological 

behaviour of cementitious materials through the disassembly of flocculated binder particles via 

electrostatic and/or steric repulsion action previous mentioned. The adsorption of superplasticizer 

molecules on binder particles creates a repulsion mechanism between binder particles avoiding their 

flocculation as well as minimizing the amount of water needed for particle dispersion (Prince et al. 

2002). Nevertheless, the interactions between the superplasticizer and binder particles can be 

classified in two groups: 

 Physical interactions  

 Chemical interactions 

The physical interactions include the adsorption of the superplasticizer molecules in the binder 

particles which, therefore, hinders their flocculation; while the chemical interactions are manifested 

as changes in the aqueous solution and in the morphology of the hydrates formed. According several 

authors (Jolicoeur and Simard 1998; Kreppelt et al. 2002; Prince et al. 2002), it is clear that the 

physical interactions play the most important role with regards to superplasticizer action. 
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Meanwhile, the chemical interactions affect the binder hydration reactions, mostly by retarding the 

setting, and consequently, the retention of fluidity, which can be seen as an advantage during grout 

injection. This means that the incorporation of superplasticizer in grout compositions yields a variety 

of benefits related with the workability. In addition a less obvious, but equally important, it is the 

effects of superplasticizer over the hardened properties of the grout, since superplasticizer allows an 

increase of mechanical strength (Baltazar et al. 2012a). 

 

Several phenomena, such as variation of initial slump and delayed hydration are said to be caused by 

incompatibility between the admixture and binder (Hanehara and Yamada 1999). The 

superplasticizer-binder compatibility has been related to the concentration of SO4
2- 

ions in solution. 

This is so, because the presence of SO4
2-

 

ions has been found to cause decreased consumption of 

superplasticizer, leaving more superplasticizer available in the solution for grout workability. 

Strictly speaking, there seems to be a competition between SO3
-
 groups from sulphonated 

superplasticizers and SO4
2-

 

ions for available adsorption sites. 

 

Kim et al (1999) found that the addition of a SNF superplasticizer to high-alkali cement retarded 

hydration for a few hours then accelerated it slightly. They explained this phenomenon with the 

hypothesis that the alkali sulphate present in high-alkali-cements hinders the adsorption of a SNF on 

the aluminate phase, permitting larger adsorption on the silicate phase such as C3S and C2S, which 

delay the early hydration. Thus, adequate soluble alkali content in the solution during the first few 

minutes after mixing has been found to be of primary importance to ensure superplasticizer-binder 

compatibility. 

 

In addition to the compatibility between superplasticizer and cement, the time addition of 

superplasticizers is usually specified as other important factor determining its performance. It means 

that time of superplasticizer addition has been found to affect the effectiveness of superplasticizer 

action. For instance Uchikawa in (Uchikawa et al. 1995) found that the retardation in setting for 

cement paste prepared by later addition of superplasticizer was longer than for pastes with 

simultaneous addition (i.e. addition with the initial mixing water). 

 

The effects of delayed addition of superplasticizers has been shown by other authors (Flatt and 

Houst 2001; Hanehara and Yamada 1999) pointing out that in the case of cement pastes, the 

superplasticizers are more effective if added 4–10 min after the mixture has begun, since at early 
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stages of hydration (first minutes) a large amount of hydration products is generated very rapidly 

(e.g. hydrates of tricalcium aluminate (C3A) leading to ettringite). If superplasticizer is present in 

those early stages, some of the added superplasticizer becomes intercalated (coprecipitation) 

between layers of these hydrates (Flatt and Houst 2001). Thus intercalation would result in a lesser 

amount of superplasticizer available for an effective dispersion of binder particles as most of them 

are not on the surface of the hydrates. This process also happens for C–S–H, but at a lower rate than 

for C3A hydration within the first minutes (Flatt and Houst 2001). However, the moment for 

addition of superplasticizer also depends on several factors, such as the mixing energy and the 

reactivity of the binder particles. 

 

It is clear that a large number of phenomena involved in the binder-water-superplasticizer system 

have led to several theories regarding the mechanisms of action of the superplasticizers. In addition, 

the continuous introduction of new generations of superplasticizers has further complicating the 

interpretation of the mechanisms. Nevertheless, it is necessary a continuous research in this area, 

resulting in a better understanding of the action of the superplasticizers. 

 

 

2.3.3. Pozzolans 

Pozzolans have been defined as materials which, despite not having cementitious properties they 

contain constituents which will combine with cementitious binder at ordinary temperatures in the 

presence of water to form stable compounds possessing binding properties (Lea 1970). The generic 

term pozzolan is often used to describe both natural and man-made materials that react as described 

above. The main advantage of using pozzolans in air hardened lime-based grouts is that the grout 

will set in the absence of air and under wet conditions, which is why they are commonly used for 

applications where carbonation would otherwise progress very slowly. 

 

When a grout is injected inside masonry and it stops to flow, the binder particles, which are 

dispersed in water, will naturally sink by gravity. This phenomenon creates a heterogeneous 

consolidation; since the lower region contains more binder and will be harder and stronger, whereas 

the higher region will be weak due to a lack of binding agent. The top of the injected zone could, in 

case of severe bleeding, only be filled with water. So the use of stabilizing materials may be the 

solution to prevent the bleeding of the grout or the segregation of the binder particles. According to 

Miltiadou (1990) the addition of fine pozzolans corrects the granularity of the binder in the finer 
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region and influences positively the stability of the grout. Pozzolans such as silica fume, fly ashes, 

metakaolin, among others can be used to improve the stability of the grout (Biçer-Simsir et al. 2009; 

Fernàndez-Altable and Casanova 2006; Mirza et al. 2002) and they are also widely accepted as 

giving economic and technical advantages. 

 

In the case of silica fume it is a by-product collected from electric arc furnaces in the production of 

silicon and ferrosilicon alloys. Its extreme fineness and high silica content are the reasons for its 

pozzolanicity. Several studies (Shannag 2000, 2002; Wei-Hsing 1997) have shown that the 

properties of cementitious materials can be improved when silica fume is used and, specially, when 

it is combined with other additives such as superplasticizers. However, limited data exist in the 

literature about the use of a combination of pozzolanic products (such as silica fume) for producing 

high-performance hydraulic lime-based grouts (Baltazar et al. 2013, 2012b). Silica fume can also be 

applied as fine filler whose particles fill the spaces made by the large and the long shape particles of 

hydraulic lime binder. Due to very fine silica fume particles among lime particles decrease of 

frictional forces between lime particles occur and a improvement of rheological behaviour can be 

expected (Laskar and Talukdar 2008). Moreover, it is predictable that high silica fume fineness 

increases the adsorption of water, thus allowing better water retention capability.  

 

Although, these finer particles are the source of additional surface area resulting in an increase of 

contact forces among fine particles and therefore they coagulate very easily due to interparticle 

interactions (Van-der-Waal’s interactions). The penetration capacity of such grouts is significantly 

decreased. Thus, for a required penetrability performance, the water content of the grout must 

increase, with detrimental effects on the fresh grout stability and on the mechanical properties of the 

hardened grout. Although, this problems can be minimized with the use of superplasticizer (Artelt 

and Garcia 2008). Moreover, according to Kadri (2009) the presence of silica fume also has a slight 

accelerating effect on the early age of mechanical strength development. 

 

2.3.4. Water 

Typically, the liquid present in injection grouts is water. The main role of water in grouts is to act as 

a dispersive medium for the ingredients. In hydraulic binder, such as hydraulic lime, it also 

contributes to the chemical reactions. The proportion present in the initial grout mix is important; 

high water content gives improved flow and injectability (Eriksson et al. 2004; Rosquoët et al. 2003; 
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Toumbakari et al. 1999), this is due to the fact that the grout contains a larger amount of water and 

the binder particles are less likely to clog. But also leads to less stable suspensions with segregation 

and bleeding as well as with more potential for cracking (Flatt and Girardet 2000). High water 

content increases the total porosity and causes reduced mechanical strength once the grout has 

hardened. The initial water content is strongly influenced by the type of binder and pozzolans used, 

since an increase of specific surface area leads to a higher water demand. It means that the initial 

water content must allow plenty binder hydration and a proper injection but without compromising 

all the other properties of the grout. This means that a tradeoff between injectability, segregation 

and/or bleeding must be done. 

 

Different data about the water/binder (w/b) ratio used to produce grouts can be found in literature; 

since the type of grouting intervention also affects the range of w/b ratio to adopt in the grout 

composition. According to Miltiadou (1990) the hydraulic binder-based grouts for the consolidation 

of masonry structures have w/b ratios in the rage 0.5-1.5. In the same field, Bras (2011) studied the 

optimization of hydraulic lime grout with a w/b ratio in the range 0.6-0.8. In the case of grouts for 

pos-tensioning tendond, the w/b ratios found range 0.35 to 0.42, while grouts for soil and rock 

injection can have a w/b ratio between 1 and 2 (see Figure 2.19) 

 

 

 
Figure 2.19 Summary of the different w/b ratios as function of the type of grouting [adapted from (Rosquoët et al. 

2003)] 

 

 

 

2.4. Working properties and performance characteristics of grouts 

 

Most studies touch upon the desirable working properties and performance characteristics of grouts. 

According to Penelis (1989) the choice of a suitable grout for consolidation of old masonries is not 

only dependent on the properties of set grout but on those of fresh grout which determines how 
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effective it will be in situ. So, as mentioned before, the fresh grout properties seem to be as 

important as the ones in the hardened state. Therefore, the improvement of grout workability is a 

task of major importance. Working properties are defined as properties of the material in the state in 

which it is applied, measuring its practical ease of use, while the performance characteristics of the 

material relate to its long-term behaviour in the masonry.  

 

The working properties specified depend upon the context of the study. However, there is general 

agreement on the desirable working properties of injection grouts for the conservation of old 

masonry walls. The working properties that are more often pointed out as essential are: fluidity, 

injectability, no segregation and reasonable setting time (Brás 2010; Toumbakari 2002; Valluzzi 

2009). This means that injection grouts should be fluid enough to be injected (grout rheology), and 

during injection they should retain their fluidity with minimal segregation and clogging. Moreover, 

they should set in a reasonable time regardless of curing conditions i.e. in both dry and wet 

environment, with or without contact with air. 

 

As performance characteristics are concerned, a desirable performance characteristic for a grout 

used to consolidate old stone masonry walls may be a modulus of elasticity similar to original 

materials, minimal shrinkage, adequate porosity, good water vapour permeability, good chemical 

and physical stability, among others (Keersmaekers 2006; Van Rickstal et al. 2003; Tassios and 

Miltiadou-Fezans 2013; Zajadacz and Simon 2006). It is rare to find actual numerical values 

suggested for performance characteristics for injection grouts. However, the general consensus on 

injection grouts is that the grout should be compatible with the original materials and the mechanical 

strength of the grout should be similar to that of the original materials (Baronio et al. 2003; Binda et 

al. 2006). Other authors mention that the bond strength (i.e. adherence to masonry) is particularly 

important since the grout will set the connection between the masonry elements, in order to improve 

its compactness (Griffin 2004; Zajadacz and Simon 2006). Some researchers also mention that the 

ideal grout should combine high water vapour permeability with low transportation of liquid water 

(Henriques 2005; Zajadacz and Simon 2006). This is an important issue from durability point of 

view, because if there is liquid water, which is very common in old masonries, the water will diffuse 

through the grout in vapour form while the liquid containing soluble salts will not be absorbed.  

 

From the above demands it is easy to figure out that the design of an injection grout for 

consolidation of old stone masonry is a complex process. In the first stage it must consider the 
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demands of the masonry wall, namely recovering its structural behaviour and granting durability. 

Then, the composition has to be defined such that the properties of injection grouts, namely the 

working properties (rheological behaviour, stability) and the performance characteristics (bond 

capacity, mechanical properties, chemical stability and microstructure) are effectively enhanced (see 

Figure 2.20).  

 
Figure 2.20 Demand in the design of injection grout for consolidation of old stone masonry 

 

All these demands/properties have their particular role in the success of the grouting intervention. 

The complexity of the design of an injection grout resides however in the interdependence between 

these properties, which is specially exhibited when the composition is adjusted. It is essential to 

understand how the composition of an injection grout affects its properties in order to design it 

effectively. 

 

The rheological behaviour of fresh-state grouts has great importance on their injectability and on the 

quality of the grouting intervention. The grout must feature adequate fluidity and injectability in 

order to, in a first instance, allow it to be injected, and in a second instance, allow it to completely 

fill a void and assure the continuity of the repaired masonry. On the other hand, both features 

depend on the texture of the solid phases (i.e. particles size distribution and shape), interaction 

between particles (dispersion or flocculation), solid fraction of the grout, mixing procedure and 

effect of dispersants. However, the interaction between the small-sized particles of grout (whereas a 
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great percentage has colloid-size) is expected to have the greatest influence regarding to the 

rheological behaviour. The lack of understanding of how the grout composition does affect these 

properties concerning the hydraulic lime-based grout, enhance the importance of a detailed research 

on the subject. 

 

 

2.5. Final considerations 

 

In this chapter a general description of stone masonry walls and the weaknesses associated to the 

multi-leaf masonry type were made. Furthermore, grout injection technique was highlighted as a 

suitable technique to restore the homogeneity, uniformity of strength and continuity of old masonry 

walls. It is well known, however, that an adequate injection of grout inside the masonry is crucial to 

achieving a successful consolidation. For this, several factors must be known and properly design, 

such as size distribution of masonry voids, distribution of injection holes, injection pressure and a 

grout composition, which leads to good injectability characteristics as well as compatible with the 

masonry. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3. RHEOLOGY OF GROUTS 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter an introduction to rheology is presented and an explanation on some concepts and 

facts that affect the rheological behaviour of suspensions such as hydraulic lime grouts is given. 

 

3 
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3.1 Introduction  

In 1928, Eugene Bingham wanted to create a new designation for a branch of physics that 

specifically dealt with problems pertaining to unusual liquids and solids (called until then as 

“mechanics of continuous media”). After consulting a professor of classical languages Bingham 

came up with the word “Rheology “(Reiner 1964); this word originates from the Greek word “reo”, 

meaning “flow” and “-ology” meaning “the study of”. Rheology is the study of the deformation and 

flow of materials. Typically, rheology studies the deformation of those materials whose behaviour 

falls between solids and viscous fluids (Barnes et al. 1989). Rheology is an applied science, and its 

aim is twofold: firstly, it tries to understand the relation between the material structure and its flow 

properties. This is important for the design of materials for certain applications, such as grouts for 

masonry consolidation. Secondly, the study of the material behaviour using simple deformation 

relations, which can be derived between deformation and force, may be useful to predict the material 

behaviour that takes place in real process operation like pumping. 

 

The purpose of performing rheological measurements is not only to understand how different 

components influence the flow behaviour of a fluid, but also to control the fluid properties, by 

determining the apparent viscosity for instance. To that purpose it is necessary to determine the 

relationships between the flow rate (shear rate) and the force gradient (shear stress) that causes the 

movement of a fluid (Barnes 2000). It has been defined that there are two kinds of flow with relative 

movement: shear and extensional flows. In shear flows liquid elements flow over each other, while 

in extensional flow, adjacent elements flow towards or away from each other, as depicted in Figure 

3.1. 

 

 

Figure 3.1 Example of particle motion in shear and extensional flow [adapted from (Barnes 2000)] 
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In shear flow the liquid movement may be compared to a large number of platelets moving parallel 

to one another at different velocities (Barnes et al. 1989) (see Figure 3.2 and 3.3). In this simple flow 

geometry, the velocity of the fluid particles varies linearly from one plate to another and the shear 

rate (or velocity gradient) can be mathematically described as: 

 

           
                                        

                             
 

 

The unit of shear rate is sec
-1

 and is represented by   : 

 

Figure 3.2 Flow between parallel plates 

 

 

Figure 3.3 Velocity gradient between parallel plates 

 

The force F, applied to the top of an element causes shear stresses (τ) expressed in the following 

equation: 

  
 

 
 

where A is the area of the plate 

 

Fluid viscosity imposes a resistance to any flow. Fluids tend to flow by imparting a velocity or else 

by applying a force. For a given velocity, the resulting force increases when the viscosity is 

increased. Viscosity is seen as the property of a fluid which measures its flow resistance; so that 

high viscosity fluids flow slowly while low viscosity fluids flow quickly. The apparent viscosity ( ) 

(3.2) 

(3.1) 
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of a fluid at a given shear rate is given by the ratio of the shear stress (τ) to the shear rate (  ). For 

reasons of simplification, hereinafter the apparent viscosity will be called viscosity. The SI unit for 

viscosity is pascal-sec (Pa.s). 

 

  
τ

  
 

 

When a fluid displays a proportionality factor between the shear stress and the shear rate is called 

Newtonian behaviour. This proportionality factor is the coefficient of viscosity. A Newtonian fluid 

is one which viscosity does not vary with deformation rate or time (although it can vary with 

temperature and pressure). A Newtonian fluid presents of course the simplest flow behaviour, since 

most liquids or suspensions does not obey to this behaviour and therefore, they are called non-

Newtonian. Nevertheless, Newtonian behaviour is a very good representation of a large number of 

fluids under normal conditions. It should be noted, however, that at a high-enough shear rate, all 

fluids become non-Newtonian. For instance water would need to be sheared at an impossible shear 

rate (10
12

 s
-1

) in order to behave as a non-Newtonian fluid. 

 

 

3.2. Classification of fluids 

According with the above explanation, fluids can be divided in two main groups: Newtonian and 

non-Newtonian. Newtonian liquids comply with the Newtonian model, in other words the shear 

stress (τ) is proportional to the shear rate (  ) (see Figure 3.4 and 3.5). In Figure 3.5, it is 

demonstrated that fluid viscosity does not depend on the flow conditions, namely shear rate and time 

of shearing. 

 
Figure 3.4 Flow curve for a Newtonian fluid 

 

(3.3) 
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Figure 3.5 Viscosity curve for a Newtonian fluid  

 

Unlike Newtonian fluids, the viscosity of non-Newtonian fluids depends on the applied shear rate. 

This means that the fluid does not have a constant viscosity since it changes with shear rate and each 

value is specific for a given rate of shear (the shear stress and shear rate relationship differs from a 

straight line that goes through the origin). Depending on the type of shear rate dependence these 

fluids may be further subdivide into: shear thinning (or pseudoplastic) and shear thickening (or 

dilatants).  

 

The shear thinning is the most common rheological behaviour encountered in suspensions, and the 

majority of fluids, like molten polymers or polymeric solutions, and they are characterized by a 

viscosity decrease with an increase in shear rate (Figure 3.6 and 3.7). In Figure 3.7 it can be seen 

that at a certain point (at a high-enough shear rate) the viscosity curve begins to flattening out to a 

constant viscosity region. Generally, a shear thinning liquid displays two limiting Newtonian 

viscosities, called first (   and second (  ) Newtonian region. At low-enough shear rates or shear 

stresses, the viscosity is constant, but at some point it begins to decrease, and usually enters a 

straight-line region on a logarithmic plot, which indicates power-law behaviour (see Figure 3.8). 

 
Figure 3.6 Flow curve for a shear thinning fluid (blue line represents the Newtonian behaviour) 
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Figure 3.7 Viscosity curve for a shear thinning fluid  

 

However, in most cases the shear rate measurement range used does not cover both Newtonian 

regions and sometimes only the power-law region is seen. The first Newtonian region is due to the 

fact that, at low shear rates microstructure motions are very slow, with the possibility of 

rearrangements which leads to the establishment of new equilibrium conditions and, therefore, the 

viscosity value stays constant. In the intermediate zone, the shear rates are strong enough to force 

the alignment of non-spherical particles along with the flow lines (as happens with cementitious 

groust) thus increasing the slippage between them and thereby decreasing the viscosity of the fluid. 

For higher shear rates, the particles will achieve maximum alignment possible, so that the viscosity 

value does not decrease any more. It should be noted that suspensions and other fluids can display 

different behaviours in different shear-rate regions, e.g. shear thinning at low shear rates and shear 

thickening at high shear rates. 

 

 

Figure 3.8 Definition of parts of the flow curve [adapted from (Barnes 2000)] 

 

Non-linear relations between shear stress and shear rate can be described by the power law model 

(eq 3.4). Actually, this model is used extensively to describe the properties of liquids in theoretical 

analyses as well as in practical engineering applications. However, care should be taken in the use of 
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the model when employed outside the range of the data used to define it. For instance, the power law 

model fails at high shear rates, where the viscosity approaches a constant value. This weakness of 

the power law model can be rectified by the use of other models which can fit different parts of the 

flow curve (see section 3.3). 

 

                   (3.4) 

 

where k is a constant and n is the power law index. This straightforward generalization of Newton’s 

constitutive equation has been reinvented several times. With n=1 a Newtonian liquid is described, 

while n<1 a shear thinning fluid is described. The shear thinning behaviour can be associated with 

the orientation of non-spherical particles in the direction of flow and disaggregation of particles 

agglomerates (Brás 2010; Wallevik 2009a). 

 

Shear thickening fluids are characterized by a viscosity increase with an increase in shear rate (see 

Figure 3.9 and 3.10). Hence, the power law index can also be higher than 1 (n>1) describing a shear 

thickening liquid. The shear thickening phenomenon is often associated with suspensions of 

irregularly shaped particles in which the liquid exhibits an increase in volume when it is sheared. 

The microstructure of such materials will rearrange when sheared causing resistance to flow that 

increases with shear rate (Barnes 2000). 

 
Figure 3.9 Flow curve for a shear thickening fluid (blue line represents the Newtonian behaviour) 

 
Figure 3.10 Viscosity curve for a shear thickening fluid 
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3.2.1. Viscoplasticity 

Regardless the shear thinning or shear thickening behaviour some fluids can also behave as 

viscoplastic material. Viscoplastic materials can be characterized by having a yield stress which 

means that they will only flow when shear stress exceeds the yield value. The presence of a yield 

stresses means that under static conditions, the fluid essentially acts as a solid and will continue 

acting as a solid until the stress reaches the shear force needed to overcome the internal friction of 

the material. This kind of materials can also be characterized by their flow curves, resulting from the 

relation between shear stress (τ) and shear rate (  ) under simple steady shear; so the yield stress is 

equal to the intersection point on the stress axis, as shown in Figure 3.11.  

 

Figure 3.11 Flow curve for a viscoplastic material 

 

The flow curve associated with viscoplastic materials can be linear or non-linear, see Figure 3.12. 

One of the simplest types of viscoplastic materials is the so-called Bingham fluid and constitutes an 

important class of viscoplastic materials. It is named after Bingham, who first described paint in this 

way (Bingham 1922). Paint, slurries, some cementitious pastes and food substances, such as 

mayonnaise and ketchup are good examples of Bingham materials. 

 

The Bingham model (eq 3.5) was introduced to describe materials with a yield value and a 

Newtonian behaviour (called Bingham plastic materials).  

 

                      (3.5) 

 

where   is the shear stress (Pa),    is the yield stress (Pa),    is the plastic viscosity (Pa.s) and    is 

the shear rate (s
-1

). 
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Figure 3.12 Synthesis of different types of flow behaviour [adapted from (Hackley and Ferraris 2001)] 

 

Viscoplastic behaviour can be found in cementitious suspensions, such as concrete and hydraulic 

lime grouts (Brás 2010; Nehdi and Rahman 2004; Wallevik 2009a). These dispersions are made of 

dispersed particles from a network which is responsible for the yield stress. The stronger the 

network, the larger the stress is necessary to overcome the internal structure. It is commonly agreed 

that fresh concrete can, with good accuracy, be considered as a Bingham fluid. If the applied stress 

is lower than the yield stress value it will cause a plastic deformation. On the other hand, if the shear 

stress is higher than the yield stress then it will result in a continuous flow.  

 

In addition to a yield stress some suspensions display another complication, which is the viscosity is 

not only function of the instantaneous shear rate but is also time-dependent. Shaking or shearing the 

material causes a gradual decrease in viscosity, which recovers when the material is at rest. A 

reversible and time-dependent viscosity defines thixotropy. This kind of behaviour is encountered in 

some common products such as latex paint and also in some cementitious suspensions. 

 

3.2.2. Thixotropy 

The word thixotropy is put together by the two Greek words “thixis” (stirring, shaking) and “trepo” 

(turning, changing). The term thixotropy was first introduced by Peterfi in 1927. Thixotropy is a 

gradual decrease of the viscosity under constant shear stress followed by a gradual recovery of 
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structure when the stress is removed (Larson 1999; Mewis 1979). Thixotropy should not be 

confused with shear thinning. When a material is shear thinning it changes the microstructure 

instantly while a thixotropic material the microstructure does change (by breaking down or building 

up) and such changes take time (Barnes 1997; Billberg 2006). So, it can be said that thixotropy is 

due to the structure degradation resulting from rupturing flocs or linked particles when the material 

is sheared. When the shearing stress is removed, the material structure rebuilds again and is 

eventually restored to its original condition (Barnes 2000). According to Billberg (2006) with 

today’s knowledge of microstructural changes it is probably safe to say that shear thinning materials 

are also thixotropic since it always takes time, even limited, to create the re-grouping of the 

microstructural elements to result in shear thinning (see Figure 3.13).  

 

Figure 3.13 Breakdown of a thixotropic microstructure [adapted from (Barnes 1997)] 

 

A quantitative measurement of thixotropy can be performed in several ways. The most apparent 

characteristic of a thixotropic system is the hysteresis loop, which is formed by the up-and down-

curves of the flow curve. The shear rate is first increased to a certain value, then immediately 

decreased to the starting point. If the material is thixotropic, the resulting two curves (up and down 

curves) do not coincide, as shown in Figure 3.14. The degree of thixotropic behaviour is measured 

by the area of the hysteresis loop and indicates a breakdown of structure that does not reform 

immediately when the stress is removed or reduced. 
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In thixotropic cementitious suspensions, the down curve of the hysteresis loop is displaced to the 

right of the up-curve. The opposite behaviour to thixotropy is called anti-thixotropy or negative 

thixotropy (see Figure 3.15). The reverse hysteresis indicates that the structure of the materials 

stiffens due to the mechanism of thixitropy build up, likely as a result of accelerated hydration. Anti-

thixotropy can also be encountered for systems whose rate of structure recovery is accelerated by, 

for example vibration or temperature, and therefore the build-up of structure due to such effects is 

greater than the structure break down due to shearing. This phenomenon is also denoted as negative 

thixotropy, because the measured down-curve becomes higher than the up-curve, leading to a 

negative value of the enclosed area between these two curves (Mewis 1979).  

 

There are however more ways to describe the behaviour of thixotropic materials. An alternative 

procedure for detecting thixotropic material is its ability to build up a structure at rest. For instance 

in Figure 3.16 it is shown how a material after a short rest is subjected to the shear rate   
 
 (equal to 

the shear rate before the rest) and how the shear stress directly increases to a peak value and then 

decreases down to the equilibrium value    . If now the material is enabled to rest a slightly longer 

 
(a)     (b) 

Figure 3.15 Representation of antithixotropic behaviour: (a) shear rate vs time, and (b) shear rate vs shear stress 

[adapted from (Quanji 2010)] 

 
(a)     (b) 

Figure 3.14 Representation of thixotropic behaviour: (a) shear rate vs time, and (b) shear rate vs shear stress 

[adapted from (Quanji 2010)] 
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time and then subjected to the shear rate   
 
, the shear stress reaches a higher peak level than before 

and with time breaks down to     again. The material now rests for a considerably longer time 

before sheared at   
 
 and we can see that the shear stress reaches even higher peak value than 

previously. This means that the level of structure in the material gets higher the longer it is allowed 

to rest (Billberg 2006). 

 
Figure 3.16 Structural build-up depending on resting time (Cheng 1987) 

 

A different way to characterise structural build-up is shown in Figure 3.17. In this case the material 

is subjected to a shear rate   
 
  which instantly is lowered to   

 
. From the equilibrium shear stress 

value     at the higher shear rate   
 
  the shear stress (and therefore the viscosity) drops to a value 

lower than the equilibrium level     corresponding to the lower shear rate   
 
. So, a jump to a lower 

shear rate causes a sudden drop in shear stress followed by a gradual increase to the new steady state 

i.e. with time at the constant shear rate   
 
 a structural build-up occurs in the material to reach the 

new equilibrium level    . It can be understood from the mentioned above, that the thixotropic 

behaviour is associated with a structural build-up or break-down on a specific time scale. In real 

practice, sometimes, the time required to reach a steady state is longer that the time settled for the 

jump in the applied deformation rate (shear rate) (Barnes 1997).  

 
Figure 3.17 Structural build-up when the shear rate is lowered (Cheng 1987) 
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Many mechanisms behind thixotropy of suspensions can be found in the colloidal domain which is 

subordinated to the science field of colloid interparticle interactions. Colloid interactions deal with 

the chemical and physical phenomena at the interface between different phases, which will be the 

central theme of the section 3.4. 

 

 

3.3. Rheological models  

To determine fundamental rheological properties of cementitious materials, many studies have used 

different models, so it is worthwhile to present the most commonly used rheological models to 

describe the rheological behaviour of cementitious materials. The models listed in Table 3.1, can be 

used to describe shear thinning or shear thickening behaviour. All of the relationships listed use at 

least two parameters with a physical meaning. 

 
Table 3.1 Various models for the rheology of cementitious materials 

Models Equation Parameters 

Power-law         
k=consistency; n=power law 

index 

Herchel-Bulkley            
  = yield stress, k=constant;  

 

Sisko              
   = s econd Newtonian 

region, k=constant 

Bingham             
  = yield stress,   = plastic 

viscosity 

Modified Bingham          
       

  = yield stress,   = plastic 

viscosity, A=constant 

Casson  
 

     
 

          
 

   
  = yield stress,   = plastic  

viscosity 

Robert Stiff             
A, B = constants 

 

 

The different models are only suitable for certain ranges of measurement. Yahia and Khayat (2003) 

investigated the Bingham, Herschel-Bulkley, Casson, and Robertson-Stiff model on high-

performance grouts containing supplementary cementitious materials and viscosity enhancing 
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admixtures. They found that none of the evaluated models could enable accurate fitting of shear 

stress-shear rate data of all investigated mixtures. Difficulties were mostly encountered in modelling 

the non-linear portion of the flow curve observed at the low shear rate range.  

 

Other authors (Larrard et al. 1998) pointed out that the Herschel-Bulkley model is more suitable 

than the Bingham model for certain concretes, like self-consolidated concrete. However, the 

Herschel-Bulkley model can only predict shear stress and shear rate data for a limited range of 

water/binder ratios. Nevertheless, fresh cementitious materials is most commonly described using 

the Bingham model because the flow of most cement paste and concrete follows this equation fairly 

well (Banfill 2006; Tattersall and Banfill 1983) and because the two parameters in the Bingham 

model, yield stress and viscosity, can be measured independently. 

 

Thus, it can be concluded that researchers have not agreed upon a rheological model which 

satisfactorily describes the flow of cementitious materials. Many researchers (Aiad 2003; Axelsson 

and Gustafson 2006; Banfill 2006) are in effect using the Bingham model due to their simplicity. 

 

 

3.4. Interactions influencing the rheology of suspensions 

In cementitious grouts, colloidal interparticle forces and coagulation processes dominate its rheology 

since the major parts of the particles are of colloidal size. A colloid is a system where one phase is 

dispersed in another phase, for instance materials at different states such as solid/liquid (like binder 

particles in water). The dispersed phase of a colloid should by definition has at least one dimension 

in the range 1nm - 1µm (Russel et al. 1989). There are several interparticle forces acting on particles 

in a suspension; these forces can have a significant effect on the microstructure and on various 

rheological properties of a suspension. According to Barnes (2000) four kinds of forces coexist in a 

colloidal suspension, namely: 

 Colloidal forces 

 Brownian randomising forces 

 Viscous forces 

 Gravitational forces 

Regarding colloidal forces, those arise from interactions between the particles and can result in 

repulsion or attraction between particles, due to different mechanisms as Van der Waals forces 
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(attraction) and electrostatic charges (repulsion). So, if the net result of all the forces is attraction, 

the particles tend to flocculate, whilst overall repulsion means that they remain separate (i.e. 

deflocculated). Van der Waals forces are always attractive and it dominates at long intermolecular 

distances, while at short distances it is the steep Born repulsion that dominates, originating from the 

overlapping electron clouds of the molecules (Figure 3.18). In general, the forces of attraction or 

repulsion between atoms and/or molecules have inverse power dependence to the distance among 

them. 

 

Figure 3.18 Forces between atoms or molecules expresses as potential vs distance among them (Cheng 1987) 

 

The balance between the Van der Waals and the repulsive forces resulted in the development of a 

theory, denoted the DLVO theory, which was proposed by Derjaguin and Landau, and, 

independently, Verwey and Overbeek (Verwey 1947). This theory combines the effect of the Van 

der Waals attraction and the electrostatic repulsion due to the so called double layer of counter-ions 

(Yang et al. 1997). When ions are present in a system that contains an interface (solid/liquid), there 

will be a variation in the ion density near that interface. When a mineral particle is immersed in a 

liquid, a surface charge appears which is due to one or more of the following reasons: 

 Ionisation, which means a rupture of ionic links at the surface of the mineral and 

dispersion of the ions in the suspension liquid 

 Adsorption: physical or chemical fixation of ions at the particle surface 

 Hydration: initiation of processes (after reaction such as dissolution, hydrolysis) 

Binder particles (like cement or hydraulic lime) contain surface charges already at the anhydrous 

state. When these particles are dispersed in water, which is a much ionised medium, the new surface 

charge that will be develop on the binder particles will depend on the preservation of the 

electroneutrality of the suspension. This means that a compensation of the particles surface charges 
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will occurs by ions with opposite sign, which necessarily come from the solution. The result is the 

concentration of ions around the particles and the formation of a layer. This layer is composed of 

two parts (thus the name double layer), one very well fixed on the surface of the particle called Stern 

layer and a second, more loosely fixed, called diffuse layer. There is however a small difference 

between the structure of the double layer of binder particle and of other minerals. This is due to the 

fact that binder surface, when contacted with water, begins to react chemically and thereby generates 

both surface charge and ions in considerable quantities, which are released into the solution 

(Toumbakari 2002). Detailed information on this subject can be found in (Billberg 2006; Cheng 

1987; Mewis and Wagner 2012). 

 

In addition, the concept of zeta-potential appears in the literature often associated with colloidal 

systems; zeta-potential is the electric potential at the interface between stern and diffuse layer (Yang 

et al. 1997). The zeta-potential of cementitious suspensions can also be measured (Ferrari et al. 

2010; Ran et al. 2010; Vikan 2005). Some studies have shown that attraction is associated to 

positive zeta-potential and repulsion to negative one. As previously mentioned, admixtures like 

plasticizers can be used to improve the dispersion of cementitious suspension. The mechanism of 

action of those admixtures is by means (not only) of electrostatic charges. So, one way to study the 

effect of plasticizers upon cementitious systems is trough zeta-potential measurements. The presence 

of plasticizer causes an increase of the electrostatic repulsive forces resulting in the mutual repel and 

dispersion of the binder particles and therefore an increase of the magnitude of zeta-potencial can be 

expected (Ferrari et al. 2010). 

 

Brownian forces are characterized by thermal movements in random directions of all atoms and 

molecules, for example in the liquid phase of a particle suspension, which will make them 

constantly collide with each other. This results in that the particles themselves increase their kinetic 

energy and starts to move randomly. The direction of each individual particle changes constantly 

and the path will be zigzag shaped (see Figure 3.19), which has an important influence on the 

suspension properties. For instance, the Brownian motion favours the microstructure build-up when 

suspension is at rest. Viscous forces action over particles is proportional to the difference of local 

velocity between the particle and the surrounding liquid phase. Although, it will be the large size 

particles present in suspension that due to their inertia, are more susceptible to viscous forces. It 

should be noted, however, that the influence of particle size on type of force acting on the particles 

is of up-most importance. This means that surface forces such as Van der Waal forces, electrostatic 
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forces and Brownian motion can only dominate over gravitational and inertial forces if the particle 

size is small enough (i.e. colloidal size). These mechanisms are much less important for bigger 

particles in suspension (such as sand or flocs of particles) for which gravitational forces, buoyancy 

and stirring dominate (Shaw 1992). 

 

Figure 3.19 Example of trajectory of a colloidal particle released from the point 1 at time zero and measured at time t at 

point 2 [adapted from (Mewis and Wagner 2012)] 

 

In suspensions (as hydraulic lime grouts), when at rest (or under very low shear rates) Brownian 

and/or colloidal forces dominate. It means that the flocculated state of grout particles (namely 

colloidal ones), when at rest, is dominated by electrostatic forces and Brownian motion and its yield 

stress reflects the forces that hold the particles together. However, when flocculated particles are 

sheared (shear rate increases) the flocs are progressively broken down to the primary particles. This 

increase of flow velocity will also lead to an increase of overall repulsion, due to liquid pressure, 

meaning that particles remain deflocculated. So, at higher shear rates, the viscous and stirring forces 

start to control the rheological behaviour of the suspension (Figure 3.20).  

 

Figure 3.20 Forces acting upon and between particles in a laminar field of flow (Pugh and Bergström 1993) 
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When shear rate is reduced or even stopped a suspension microstructure will start to rebuild and, 

consequently, the particles will coagulate and flocculate into agglomerates. According to Barnes 

(1997) the driving force to rebuild the suspension microstructure is Brownian motion and since these 

forces are high for small size particles, the rate of thixotropic change is a function of particle size. 

Hence, suspensions with large particles recover their viscosity (after cessation of shear) slower than 

suspensions of small particles. In the same way, large size particle suspensions will breakdown 

faster under shearing. As can be understood by the above mentioned, many mechanisms behind the 

thixotropy of particle suspensions are the same found in colloidal domain. Thus, all these concepts 

and considerations are very important in the design of thixotropic suspensions/materials, such as 

injection grouts for masonry consolidation. More detailed information on colloidal suspension 

rheology can be found in (Barnes 1997; Billberg 2006; Mewis and Wagner 2012; Wallevik 2009a; 

Yang et al. 1997). 

 

 

3.5. Rheological measurements apparatus 

 

The rheological characterization of suspensions can be challenging because of the need for suitable 

devices as well as measurement procedures and data analysis appropriate to each suspensions. In 

this chapter, a summary is given for each general method along with descriptions of common 

measurement devices and geometries. There are two common methods used for rheological 

measurements on suspensions: capillary and rotational (Hackley and Ferraris 2001). 

 

In capillary methods the test sample is made to flow through a narrow tube as a result of hydrostatic 

or applied pressure. Capillary measurements are considered the most precise way of determining the 

viscosity of Newtonian and some non-Newtonian fluids, and are generally simpler in design and less 

expensive relative to rotational instruments. In case of rotational methods the test sample is 

continuously sheared between two surfaces, one or both of which can rotate. These devices have the 

advantage of being able to shear the sample for an unlimited period of time, permitting transient 

behaviour to be monitored or an equilibrium state to be achieved, under controlled rheometric 

conditions (Hackley and Ferraris 2001). Additionally, rotational methods need small amounts of 

sample while capillary methods need much higher amounts, sometimes difficult to obtain; however, 

for cementitious suspensions this is not a problem. 
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As far as rheometric devices is concerned, the measurement devices can be grouped into one of two 

general classifications, namely: viscometers which are devices used mainly for the measurement of 

viscosity, and rheometers which are devices used for the measurement of rheological properties over 

a varied and extended range of conditions. A device belonging to each category was used in this 

research work, such as: a Brookfield viscometer and a rotational rheometer. 

 

3.5.1. Brookfield viscometer 

The model used was the Brookfield viscometer LV DV-II+PRO (as shown in Figure 3.21). This 

device measures fluid viscosity as function of rotation speeds by driving a measurement tool (called 

spindle), immersed in the test fluid (see Figure 3.22).  

According to Hackley and Ferraris (2001) the viscous drag of the fluid against the spindle causes the 

spring to deflect, and this deflection is correlated with torque. The calculated shear rate depends on 

the rotation speed, the tool geometry and the size and shape of the sample container. Furthermore, 

the conversion factors are needed to calculate viscosity from the measured torque, and are typically 

pre-calibrated for specific tool and container geometries. 

 
Figure 3.22 Schematic diagram of a Brookfield-type viscometer [adapted from (Hackley and Ferraris 2001)] 

         
(a)                                          (b) 

Figure 3.21 (a) Brookfield viscometer LV DV-II+PRO, (b) spindle immersed in the sample 
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3.5.2. Rotational rheometer 

The rotational rheometer used in the present work was a Bohlin Gemini HR
nano

 rotational rheometer 

from Bohlin Instruments (Figure 3.23). This kind of devices are of higher-precision comparing with 

viscometers. The basic rotational system consists of four parts: (i) a measurement tool with a well-

defined geometry, (ii) a device to apply a constant torque or rotation speed to the tool over a wide 

range of shear stress or shear rate values, (iii) a device to determine the stress or shear rate response, 

and (iv) the temperature unit control for the test sample and tool. Depending on the design 

specifications, rheometers may also include built-in corrections or compensations for inertia and 

temperature fluctuations during measurements. Various geometries can be used in which the fluid is 

sheared between rotating cylinders, cone and plate, or parallel plates. The measurement of the forces 

and torques acting on the geometry yields the stresses, and the ratio of shear stress to the shear rate 

gives the viscosity. 

 
Figure 3.23 Bohlin Gemini HRnano rotational rheometer used in the present work 

 

As mentioned most rheometers are based on the relative rotation about a common axis of three tool 

geometries: concentric cylinder, cone and plate or parallel plates (see Figure 3.24).  

 

 
   (a)       (b)     (c) 

Figure 3.24 Schematic diagram of basic toll geometries for the rotational rheometer: (a) concentric cylinder, (b) cone 

and plate, (c) parallel plates (Hackley and Ferraris 2001) 
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In the concentric cylinder geometry, either the inner, outer, or both cylinders may rotate, depending 

on instrument design. The test material is maintained in the annulus between the cylinder surfaces. 

The large surface area of this geometry improves sensitivity when measuring samples with low 

viscosity. Furthermore, it allows good thermal control and when this geometry is used in 

conjunction with solvent traps, sample evaporation can be minimized. On the other hand, concentric 

cylinder generally requires greater sample volumes than the others geometries. The cone and plate 

geometry consists of an inverted cone in near contact with a lower plate. The cone is usually 

designed with an angle of less than 4° (see Figure 3.24b). This geometry advantages are that only a 

small sample is required, the shear rate is constant all over the gap and that shear fracture is 

minimized because of the small free surface. This geometry is also easy to clean and fill and, when 

used with a Peltier lower plate, it can be used with rapid heating and cooling rates. The parallel plate 

geometry can be considered a simplified version of the cone and plate, having an angle of 0°. The 

test sample is constrained in the narrow gap between the two surfaces (Figure 3.25). An advantage 

of the parallel-disk geometry is that the gap height can easily be changed, even without reloading the 

sample. This geometry is also convenient for loading very viscous samples. One disadvantage when 

compared to the cone and plate geometry is the fact that the shear rate varies with the radius of the 

plate. Cone and plate and parallel plates measurement tools are most often used for highly viscous 

pastes and concentrated suspensions. However, the parallel plate geometry is more suitable than 

cone and plate for large particles, since the gap is fixed in cone and plate and is very small (the order 

of microns in the top of the cone). Measuring suspensions with large particles size can be 

problematic because of the limited small gap size. According to Mewis and Wagner (2012) the 

recommended ratio of gap size to particle size should be in range of 10 or 20. For some suspensions 

this conditions are difficult to get with the cone and plate; hence parallel plates offer a reasonable 

alternative. 

 
Figure 3.25 Paralell plates geometry with sample loaded [adapted from (Jang 2009)] 
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3.6. General measurements procedures 

 

During rheological measurements certain precautions should be taken into account, the sample 

should normally be well mixed and homogeneous prior to being loaded in the rheometer. Trapped 

air bubbles can be eliminated by means of slow stirring of the sample prior to loading. According to 

Mewis and Wagner (2012) the sample amount should be specified to avoid measurement of errors 

associated with the excess of sample or under-filling of the geometry. Often a pre-shear is applied, 

to set the initial state of the sample. This is especially important for thixotropic materials and those 

exhibiting a yield stress in order to eliminate a variable shear history during loading and gap setting.  

 

As mentioned earlier some materials can display thixotropic behaviour. This is often a consequence 

of flow-induced changes in microstructure of the sample that requires a finite time to develop. All 

transient behaviour requires suitable experimental procedures. Hence, in case of new samples, a 

preliminary single shear test is often performed to determine at which time the steady state is 

reached. This is very important to set the rate of increasing of shear rate, especially at low shear 

rates in which it can take a long time to reach the steady state. Steady state measurements are 

normally performed by increasing the shear rate in steps, with the shear stress measured after a 

specified time at each step; this way, discrete values of viscosity over a range of applied shear rate 

are generated. 

 

It is understandable that it is not possible to cover all the technical aspects of rheological 

measurements of suspensions in this research work. Rather, it was provided some measurement 

issues underlying the subject of this research work. To more detailed information upon technical 

aspects of rheological measurements there are many books dedicated to the subject e.g. (Macosko 

1994; Morrison 2001). 
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In this chapter, the description and characteristics of materials used as well as the reasons for their 

choice are presented. 
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4.1. Introduction 

There exists an important relation, as far as grout performance is concerned, between the grouts 

design variables and its fresh and hardened properties. Concerning the grout design, there are three 

main categories of materials that must be addressed: binder, admixtures and pozzolans. The 

selection of materials depends on a range of factors, including the desired working properties and 

performance characteristics. Hence, the following sections focus on the materials used in this work 

and the reasons for their choice. 

 

4.2. Natural hydraulic lime 

According to other authors (Binda et al. 2006), who studied the compatibility of materials used for 

repair of masonry buildings, the compatibility between the grout and the substrate should be assured 

in three aspects: chemical compatibility, mechanical compatibility and historical compatibility. The 

chemical compatibility could be considered one of the most important requirements that the 

injection materials should present. If the chemical compatibility is not assured, sooner or later the 

strengthening material will deteriorate or in the worse scenario damage the original materials. For 

instance, simple grouts consisting only of ordinary Portland cement and water can create 

considerable problems for old masonry because of formation of partially soluble materials such as 

calcium and sodium hydroxide during the setting reaction (Binda et al. 2006; Collepardi 1990; 

Rodriguez-Navarro et al. 1998). These may cause efflorescences and local surface failures due to 

crystallization stresses. Thus, the compatibility of the grout with the masonry is a crucial factor to 

provide a successful consolidation operation.  

 

On the other hand mechanical compatibility includes compressive and flexural strength as well as 

ductility of the hardened grout, similar with the substrate. Utilization of concrete or other elements 

made of cement is not recommended in strengthening old masonry buildings since its high strength 

will lead the original structure to crack or crush due to different deformation caused by the loss of 

ductility (Binda et al. 2006; Maravelaki-Kalaitzaki et al. 2005). As introduced earlier in the chapter 

2, the new materials should be compatible with the original ones. Lime based binder are widely 

agreed to be the most compatible material for restoring of heritage buildings. This is because lime 

presents higher ductility and its properties regarding to moisture transport, thermal expansion, 

among others, are closer to those of the original materials than, for instance, the cement. 
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Hence, the hydraulic lime was chosen as binder to be used in this research. The hydraulic lime used 

is a EN459-1:2010 labelled as NHL5 and produced in Portugal by Secil-Martingança, which has the 

characteristics presented in Table 4.1. The grain size distribution is presented in . 

 

Table 4.1 Natural hydraulic lime characteristics 

Compression resistance at 28 

days (MPa) 
5.5 

Fineness 
90µm 24.8% 

200µm 2.9% 

Setting time 
Start 2 h  

End 6 h  

Specific surface area B.E.T. 480 m2/kg 

Al2O3 2.00 % 

CaO 85.00 % 

Fe2O3 2.00 % 

MgO 1.00 % 

MnO 0.03 % 

SiO2 8.00 % 

SiC 0.01 % 

SO3 1.00 % 

SrO 0.05 % 

K2O 0.70 % 

 

 
Figure 4.1 Grain size distribution of NHL 5 
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4.2.1. Production of hydraulic lime 

The term hydraulic is associated to specific properties, such as the capacity of hardening when water 

is added to the dry binder and the capability to harden without the presence of carbon dioxide. The 

hydraulic lime is obtained in a similar way to obtain cement, differing only in a few materials that 

confer it different properties. The content of impurities, as silica (SiO2) and alumina (Al2O3) mainly, 

is the responsible for this effect (Sousa Coutinho 1997).A hydraulic lime can be produced burning at 

1000–1250 
o
C limestones with a high content of clays (6.5–20%). The reaction between the lime, 

SiO2 and Al2O3 leads to the formation of calcium silicates and aluminates. The final temperature of 

burning cannot exceed 1250 
o
C, because sintering occurs at higher temperatures. In the cement 

production, limestone and clay are calcinated at temperatures exceeding 1400 
o
C: a clinker is formed 

due to the sintering process.  

 

The main differences in the composition of the hydraulic phases between hydraulic lime and 

cement, are due to sintering that occurred during the cement production (caused by the high burning 

temperatures). Calcium silicates (mainly C3S) and calcium aluminates (C3A and C4AF) are formed 

during sintering. In hydraulic lime, C2S is the major hydraulic phase (Hewlett 1988). Gehlenite 

(C2AS) can still be observed, which indicates the lower temperature reached in the burning process 

of hydraulic lime (< 1200 
o
C). C3S and C4AF could be also detected in natural hydraulic lime, in 

small amounts, due to a local overheating in the furnace. Calcium hydroxide (CH) also appears. In 

cement, free CaO is combined during sintering, and no free CH is found. Gehlenite does not appear 

in the final cement either (Taylor 1990). Obviously, these different compositions have an influence 

on the final properties of the binder. 

 

4.2.2. Hydration of hydraulic lime  

The hydration process of hydraulic lime can be divided in several stages corresponding to different 

chemical activities (McCarter and Afshar 1988). In the first few minutes (0-15 minutes) of 

hydration, a gelatinous layer of a colloidal product, rich in aluminate and silica is formed due to the 

reaction between C3A and calcium sulphate and the first dissolution of C2S. Outside this gelatinous 

layer, some ettringite rods crystallize during this stage. This stage is highly exothermic. 

 

After the initial stage, there is a period of chemical inactivity (15 minutes-4 hours), designated as the 

induction or dormant stage and controlled by the concentration of Ca
2+

, OH
-2

 and SO4
2-

 in the 
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solution, which reach saturation preventing further dissolution of ions. Also, the gel layer on the 

cement particles constitutes a barrier against the diffusion of ions, decreasing the rate of the reaction 

and, therefore, the heat evolution (McCarter and Afshar 1988). The next stage (4-8 hours), denoted 

as the acceleration period, is characterized by the intense growth of ettringite, C-S-H and CH 

crystals. From Figure 4.2 it can be seen that the binder particles are dispersed at the end of the 

mixing phase (Figure 4.2a) and them the binder particles start to flocculate, the so-called structural 

build-up (Figure 4.2b). The dark points represent the bridges between particles as result of formation 

of hydration products in the course of time (Figure 4.2c). The black particles are already linked by 

C-S-H formatting a rigid network microstructure in the material (Figure 4.2d, e). Strictly speaking, 

when a pair or more lime particles came into contact with water, hydration products formed around 

both of them, making the particles to interlock to each other and thus create a successful 

microstructure. 

 

 

Figure 4.2 Formation of hydration crystals between the binder particles [adapted from (Roussel et al. 2012)] 

 

After the heat flux reaches its maximum value, there is a period (8-24 hours), which is characterized 

by slower chemical reactions. Hardening of the lime paste begins along with this deceleration stage, 

where the transformation from ettringite to monosulfate also takes place. Later, hardening continues 

until a final degree of hydration is reached that depends on the water/binder ratio used, as well as on 

the environmental conditions (Aïtcin 1998; Moorehead 1986). 

 

 

4.3. Superplasticizers 

One of the key points in the design of grouts is the use of dispersant admixtures, such as 

superplasticizer, because of its useful influence upon the fluidity and performance of cementitious 

materials. Superplasticizers are incorporated in cementitious materials in order to reduce the w/b 
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ratio while maintaining workability or, alternatively, to increase the workability at a constant w/b 

ratio. The adsorption of superplasticizer molecules on binder particles creates a repulsion 

mechanism between binder particles (via electrostatic and/or steric repulsion) avoiding their 

flocculation as well as minimizing the amount of water needed for particle dispersion (Prince et al. 

2002) as shown in Figure 4.3. 

 

 
Figure 4.3 Example of the effects of superplasticizer on the fluidity of fresh cementitious suspension: (a) flocculated 

binder particles in the suspension without superplasticizer, (b) disassembly of the flocculates by adsorption of 

superplasticizers on binder particles , and (c) well-dispersed binder particles in suspension with superplasticizer [adapted 

from (Kong et al. 2013)] 

 

In general, the superplasticizers are basically polymeric surfactants with a high molecular weight. 

The performance of these products is directly related to their polymerization process. This means 

that superplasticizers based on the same polymers, can display different performance in terms of 

dispersant action. Despite the increasing number of ongoing researches, there are still many 

questions when using superplasticizers in cementitious systems, particularly regarding the hydraulic 

lime based grouts. Hence, three different superplasticizers have been analysed, in order to choose 

the one that the best improves the grout fluidity. Two of them are based on polycarboxylic acid and 

the other one is based on sulfonated naphthalene, which characteristics, according to the information 

provided by the producers, are listed in Table 4.3. 



Chapter 4. 

 Description of raw materials 

 

 
________________________________________________________________________________________________ 

68

Table 4.2 Superplasticizers characteristics a 

Function High range water reducing 

Structure of the 

Material 
Polycarboxylate Polycarboxylate Naphthalene 

Commercial name Glenium Sky 617 Fluid Premia 180 Rheobuild 561 

Colour Brown liquid Light green liquid Brown liquid 

Density g/cm3 1.06 to 1.10 1.04 to 1.06 1.16 to 1.19 

pH 5 to 7 6 to 10 8 to 11 

Charge Anionic Anionic Anionic 

Chloride Content % < 0.10 0.10  0 

ª as stated in the technical data sheet from the supplier 

 

The results obtained from the effects of the different superplasticizer on the apparent viscosity of 

natural hydraulic lime grouts are shown in Figure 4.3. There is an evident decreasing of apparent 

viscosity when the polycarboxylate (Glenium sky 617) is used comparatively with the others 

superplasticizers studied. Therefore, it was concluded that the Glenium sky superplasticizer is more 

efficient in improving the grout fluidity or, in order words, this superplasticizer provides a grout 

with better ability to flow and fill up the void inside the masonry. So, in subsequent studies, only 

this superplasticizer will be used. 

 

 
Figure 4.4 Grout apparent viscosity as function of angular velocity for different superplasticizer at T=20oC 

 

 

4.4. Air entraining agent 

Air entraining agent is a surfactant material which is a polymer molecule that has a hydrophilic polar 

head and a non-polar hydrophobic tail (Du and Folliard 2005). Taking into account that lime 

particles surfaces contain charges, the polar head group is adsorbed by the particles while the 
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hydrophobic tail will become oriented into the air bubble present in the aqueous phase as a result of 

mix agitation. These small and well distributed air bubbles can act as inert between the lime 

particles and the charges surrounding each air bubble causing their mutual repulsion which may 

improve mix fluidity (Du and Folliard 2005; Ouyang et al. 2008; Seabra et al. 2009). In addition, the 

adsorption of small air bubbles on the surface of the particles will prevent the sinking and 

consequently may improve grout stability through the reduction of segregation. A commercially 

available air entraining agent was used (Sika Aer-5) produced by SIKA, which has the 

characteristics presented in Table 4.4. 

 

Table 4.3 Air entraining agent characteristics a 

Function Water surface tension reducing 

Commercial name Sika Aer-5 

Structure of the Material Naphthalene sulphonate 

Colour Brown 

Density g/cm3 1.04 

pH 11 

Charge Anionic 

Chloride Content % 0 

Recommended dosage range wt% 0.15-0.60 

ª as stated in the technical data sheet from the supplier 

 

 

4.5. Silica fume 

Silica fume is a highly pozzolanic powder, from electrometallurgy industry, which has been mainly 

used as a binder replacement in order to improve the durability and mechanical strength of 

cementitious materials. Silica fume is available in two basic product forms: undensified and 

densified. There is no data available, after many years of testing, to show that one of the product 

forms will perform better in a cimentitious mixture than the other. However, one caution should be 

taken when working with densified silica fume is to ensure that the mixing is adequate to break up 

the silica particle agglomerations. 

 

Several studies (Shannag 2000, 2002; Wei-Hsing 1997) have shown that the properties of 

cementitious materials can be improved when silica fume is used and, specially, when it is combined 

with other additives such as superplasticizers. However, limited data exist in the literature about the 
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use of a combination of silica fume and natural hydraulic lime grouts. Silica fume particles are 

extremely small, with more than 95% of the particles being less than 1 µm. Particle size is extremely 

important for both the physical and chemical contributions. Thus, silica fume can also be used as 

fine filler whose particles fill the spaces made by the large and the long shape particles of hydraulic 

lime binder. Due to very fine silica fume particles among lime particles decrease of frictional forces 

between lime particles occur and an improvement of rheological behaviour is expected (Laskar and 

Talukdar 2008). A photograph of Portland cement grains and silica fume particles is shown in 

Figure 4.4. According with the “Guide for the Use of Silica Fume in Concrete” a 15% percent silica-

fume replacement of cement, originates approximately 2,000,000 particles of silica fume for each 

grain of Portland cement. 

 

 

Figure 4.5 Photomicrograph of Portland cement grains (left) and silica-fume particles (right) at the same magnification 

[adapted from (Holland 2005)] 

 

Moreover, it is expected that high silica fume fineness increases the adsorption of water, thus 

allowing better water retention capabilities as well as reducing both bleeding and segregation. 

Although, these finer particles are the source of additional surface area resulting in an increase of 

contact forces among solid particles. This is so, because the small size particles seem to be able to 

behave as colloidal particles that can significantly be influence by combined forces of van der Waals 

attractions and electrostatic repulsion, as explained in section 3.4 (Artelt and Garcia 2008). The 

silica fume used in this studied was an undensified silica fume produced by Mapei, whose 

characteristics, according to the information provided by the producer, are presented in Table 4.5. 
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Table 4.4 Silica fume characteristics 

Product form Undensified powder 

Colour dark grey 

Bulk density (g/cm3) 2.20 

Specific surface area B.E.T 1154 m2/kg 

Principal action pozzolanic 

Secondary action filler 

Dry solid content 100% 

Al2O3 0.15% 

SiO2 97% 

Fe2O3 0.03% 

Na2O 0.05% 

MgO 0.30% 

CaO 0.20% 

SiC 0.50% 

K2O 0.80% 

 

 

4.6. Fly ash 

Fly ash is a by-product of coal burning from thermal electric power stations. Upon ignition in the 

furnace, most of the volatile matter and carbon in the coal are burned off. During combustion, the 

coal’s mineral impurities (such as clay, feldspar and quartz) fuse in suspension and are carried away 

from the combustion chamber by the exhaust gases. In the process, the fused material cools and 

solidifies into spherical glassy particles called fly ash. This material is a very fine powder with 

pozzolanic properties that can react with calcium hydroxide (Ca(OH)2) resulting from hydration of 

hydraulic lime. According to other researchers (Tan et al. 2005) the use of fly ashes can reduce the 

costs and the environmental impacts. Besides that, it is expected that the partial replacement of 

hydraulic lime by fly ash contributes to improving grout fluidity, since the small and spherical fly 

ash particles (see Figure 4.6.) improves contact between hydraulic lime particles by ball bearing 

action and reduce the friction forces (Chindaprasirt et al. 2005; Chindaprasirt 2005).  
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Figure 4.6 SEM image illustrating the spherical shape of fly ash at 5000x 

 

Moreover, in the presence of water the fly ash reacts with calcium hydroxide (a basic component of 

hydraulic limes) to form silicates and aluminates. Probably the calcium hydroxide consumption by 

fly ash minimizes the risk of ettringite and thaumasite formation. The fly ash used is a class F 

according to ASTM C216 and was collected from a portuguese thermal power plant and it chemical 

characteristics are present in Table 4.7 

 

Table 4.5 Chemical characterization of fly ash 

Product form Undensified powder 

Colour Light gray 

Bulk density  2.50 g/cm3 

Blaine specific surface 432 m2/Kg 

Al2O3 21.86 % 

CaO 8.23 % 

Fe2O3 8.97 % 

Na2O 1.78 % 

MgO 1.74 % 

MnO 0.03 % 

SiO2 48.75 % 

SO3 1.79 % 

P2O5 0.89 % 

K2O 1.57 % 

TiO2 1.37 % 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5. INFLUENCE OF MIXING PROCEDURES 

UPON FRESH STATE PROPERTIES OF GROUTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter refers to the study of the influence of the mixing procedures in grout behaviour and 

how it may improve some essential injection characteristics. 

5 
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5.1. Introduction 

 

The correct grout design for masonry consolidation should take into account many factors, such as 

mixing time, mixing sequence, grout composition, environmental conditions, among others. The 

first step of grout research should be the definition of an optimal mixing procedure in order to 

improve the grout performance. This chapter refers to the influence of grout mixing procedures on 

rheological behaviour, water retention and stability of hydraulic lime grouts with superplasticizer. 

The research shows that fresh grout behaviour can be improved using an appropriate mixing 

procedure, optimised with the Taguchi method. 

 

 

5.2. Taguchi method 

 

In an experimental study, in order to determine the effects of various factors, which are affecting the 

results of experiment, different methods and approaches can be used. The fundamentals of these 

methods are the full factorial design. In the full factorial design, the experiments are performed for 

each condition, which consists of all factors. In the experiments where the number of factor and their 

levels are several, the full factorial experimental can be a nightmare. Hereupon, Dr. Taguchi started 

to develop new methods to optimize the process of engineering experimentation in Japan after 

World War II. He developed techniques which are known as the Taguchi method. 

 

The Taguchi method is a procedure based on the concept of design of experiments (DOE) that 

provides a systematic and efficient method for determination of optimum design parameters (Roy 

2001). With this method, when a lot of variables are to be investigated, as the variables of mixing 

sequence that may influence the grout behaviour and stability, the number of experiments can be 

substantially reduce, thus only a small group of values are necessary to study the individual effect of 

each factor on the global performance. This approach uses tables of orthogonal arrays and analysis 

of variance (ANOVA) as the tools of analysis. Orthogonal arrays are a set of tables of numbers each 

of which can be used to lay out experiments for a number of experimental situations. Use of these 

arrays to design experiments is the key of the Taguchi approach since the factional factorial 

experiments together with orthogonal arrays allowed to make the DOE technique more applicable 
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by reducing the size of the experiments. The ANOVA enables us to understand the influence of each 

factor variation in the results obtained (Roy 2001).  

 

One of the first steps in the Taguchi method is the selection of the control factors and their levels. 

For an experiment with f factors and n levels the full factorial combination is given by the 

combination n 
f
. Several orthogonal arrays are available with the objective of reducing the number of 

combinations. Each array can be used to suit a number of experimental situations. Orthogonal arrays 

are usually designed with the notation L and a subscript, which indicates the number of 

combinations that will be performed. In an orthogonal array, numbers represent factor levels, rows 

represent trial conditions and columns accommodate factors. 

 

The standard notation for orthogonal arrays is:  

Symbol Ln (X
Y
)  

Where n = Number of experiments  

X=Number of levels 

Y=Number of factors 

For instance: 

L9 (3
4
), where 9= number of experiments; 3=number of levels and 4=number of factors 

 

In this research, four factors were investigated: delay on superplasticizer addition (A); initial water 

quantity (B); mixing speed (C) and mixing time after superplasticizer addition (D). For each factor 

three levels were considered, (see Table 5.2). According to this combination of four factors each one 

with three levels, a standard L9 orthogonal array was used as shown in Table 5.1. This means that 

only nine experiments are necessary to analyse the mixing sequence of the grout whereas one-factor-

at-a-time experimentation would require eighty-one possible combinations, which represents a 

considerable reduction. The columns of the orthogonal array correspond to the factors, each one 

containing the three levels assigned to the column, while the rows represent the experiment 

conditions with the factor levels to be tested.  
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Table 5.1 Orthogonal array L9 with factors levels assignment for the experiments 

Experiments 
Factors 

A B C D 

I 1 1 1 1 

II 1 2 2 2 

III 1 3 3 3 

IV 2 1 2 3 

V 2 2 3 1 

VI 2 3 1 2 

VII 3 1 3 2 

VIII 3 2 1 3 

IX 3 3 2 1 

 

After conducting all the experiments (with at least three samples in each experiment) the analysis of 

the results was made using the signal-to-noise (S/N ratio) value. In the Taguchi method, the term 

‘signal’ represents the desirable value (mean) for the output characteristic and the term ‘noise’ 

represents the undesirable value for the output characteristic. 

 

The average values can also be calculated, for understanding the factor average effects and graphic 

presentations. Such graphic representation shows the average effects of each factor indicating the 

trend of influence of the factors (known as main effect). That trend of influence indicates how factor 

behaves, what the factor influence in the variability of results is and what the desirable condition 

(i.e. the factor level that leads to the best behavior) is. Nevertheless, the Taguchi method states that 

the standard analysis (average values) alone is not an adequate procedure when there are two or 

more samples for each experiment condition (Roy 2001; Tan et al. 2005). Taguchi has adopted the 

concept of consistency of performance to measure the performance of the samples in terms of its 

consistency, thus a quantity called mean-squared deviation (MSD) was defined (Roy 2001). The 

MSD measures the deviation from the target value and is calculated by adding squares of deviations 

from the target values for all the samples in each experiment. When the target does not apply, then 

the deviation is calculated with reference on the value of zero. The MSD results are showed in a 

logarithmic scale which is expressed by S/N ratio. While the system foresees three quality 

characteristics (smaller is better; bigger is better and nominal is better), in this research only the first 

two were used as consequence of the analysis parameters. These quality characteristics (QC) are 

evaluated by using the following equations (Roy 2001): 
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Smaller is better 

 

 
           

 

 
   

 

 

   

  

Bigger is better 

 

 
           

 

 
 

 

  
 

 

   

  

where S/N is the signal to noise ratio (dB), n the number of the samples for each experiment and Yi 

the measured value of each experiment. However, for all QC a higher S/N value will be desirable 

(Roy 2001). In order to distinguish all significant factors on the analysis parameters, the analysis of 

variance (ANOVA) was applied to the four factors. Based on the QC, the most desirable condition 

(Optimum condition) can be determined. After that, there is the need to interpret the meaning of the 

expected performance and then determine the improvement obtained. Generally, the optimum 

condition will not be one that has already been tested. Thus, it will be necessary to run additional 

experiments to confirm the predicted performance. In Figure 5.1 it is shown the procedure for 

application of the Taguchi method. 

 

Figure 5.1 Flowchart of the systematic approach to the application of Taguchi method 

(5.1) 

(5.2) 
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The objective of the study required the determination of the mixing process that improves all the 

parameters together, rather than each one alone. For this purpose the Taguchi method has another 

approach. In situations with more than a single objective, the samples of each experiment condition 

can be evaluated by multiple criteria. The different evaluation criteria can be combined into a single 

quantity, called Overall Evaluation Criteria (OEC), which is considered as the result for the multiple 

samples. Each individual criterion may have different units, QC and relative weight. By combining 

the different evaluation criteria the optimum combination factor that simultaneously improves all the 

parameters can be achieved. 

 

 

5.3. Experimental details 

 

Four factors that are involved in the mixing procedure were investigated, namely: delay on 

superplasticizer addition (A); initial water quantity (B); mixing speed (C) and mixing time after 

superplasticizer addition (D). For each factor three levels were considered, as shown in Table 5.2. 

 
Table 5.2 Factors and their levels for this study 

Factors Designation 
Level 

1 2 3 

Delay on superplasticizer addition (min) A 2 5 10 

Initial water quantity (%) B 66 70 75 

Mixing speed (rpm) C 800 1500 2200 

Mixing time after superplasticizer 

addition (min) 
D 3 4 5 

 

The factors analysed in this study were the following: 

-Factor (A) – Delay on superplasticizer addition: 

The effects of delayed addition of superplasticizer has been shown by other authors (Flatt and Houst 

2001; Hanehara and Yamada 1999; Popova et al. 2000); in the case of cement pastes the 

superplasticizer are more effective if added 4 – 10 min after the mixture begun, since at early stages 

of hydration (first minutes) a large amount of hydration products is generated very rapidly. If 

superplasticizer is present in those early stages, some of the added superplasticizer becomes 

intercalated between layers of these hydrates (Flatt and Houst 2001). Thus intercalation would 
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results in a less amount of superplasticizer available for an effective dispersion of binder particles as 

most of them are not on the surface of the hydrates (Popova et al. 2000).  

 

This process also happens for C-S-H, but at a lower rate than for C3A hydration within the first 

minutes (Flatt and Houst 2001). For this work three delays in the addition of superplasticizer were 

used: 2, 5 and 10 minutes. The moment for addition of superplasticier depend on several factors, 

such as the mixing energy and the reactivity of the particles in suspension. However, according to 

Chiocchio and Paolini (1985) the optimum delay time of the addition of superplasticizer was 2 

minutes, on the other hand, Aiad et al. (2003) found that the optimum delaying time was 10 minutes. 

So, based on similar conditions of mixing and superplasticizer type used in references (Aiad 2003; 

Chiocchio and Paolini 1985) the 2 minutes and 10 minute were choose to be the earliest and the 

latest delay times studied. 

 

-Factor (B) – Initial water quantity 

The initial water amount to be used must be at least 50% - 70% of the total to ensure a complete 

wetting of the binder particles surface, before the addition of superplasticizer along with the 

remaining water amount, according to the superplasticizer technical specification. Thus, the 

following initial water amounts were considered: 66%; 70% and 75%. Other study concluded that 

during the mixture procedure the water should be placed into the mixer container first, rather than 

the opposite, to produce a better mixture without formation of granules (Bras and Henriques 2009). 

This mixing sequence was adopted in this work. 

 

-Factor (C) – Mixing speed 

Three speeds were tested, namely 800 rpm, 1500 rpm and 2200 rpm, which lead to different shears 

rates. The speeds were registered with the mixer operating unloaded, considering that the loss of 

speed which results from the rotation resistance imposed by the mixture is negligible. The 

determination of the mixing speeds was performed using a stroboscope, whose principle is based on 

a flash lamp regulated by an oscillator that controls number of flashes per second and it can triggers 

the lamp at a steady rate settable from a few times per second to thousands of times per second. This 

is often used for the study of rotating, oscillating or vibrating objects. 
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Figure 5.2 Stroboscope measuring the speed of the mixer equipment 

 

-Factor (D) – Mixing time after superplasticizer addition 

The mixing time after addition should be at least 3 min to increase the contact of the diluted 

superplasticizer with the binder particles, in agreement to the producer recommendations. For this 

work three mixing times after superplasticizer addition were analysed, namely 3, 4 and 5 minutes to 

evaluate the occurrence of any advantage of increasing mixing time. 

 

5.4. Procedures 

The following sections describe the tests performed in order to study the effect of these factors on 

grout properties. 

5.4.1. Mixing procedures 

The hydraulic lime mixtures were prepared at a room temperature of 20.2±2ºC and a relative 

humidity of 53%. All of the mixes used a water-binder ratio of 0.5 and superplasticizer dosage of 

1% of the total mass of binder in the mix. Three samples of each experiment (Table 5.3) were 

prepared. For the preparation of grouts ordinary tap water was used and before the mix process the 

dry hydraulic lime was hand mixed to avoid the formation of granules. The entire binder amount 

was added in the initial water and the remaining water with superplasticizer diluted was added 

within 30 s without stopping the mixer. The mixer cup had a capacity of 5 litres, with 177 mm 

diameter and a height of 244 mm. The blade used for the mixtures had a helicoidal shape (see Figure 

5.3) and the gap at the bottom between the blade and the cup was 4mm ±1mm. Each grout was 

passed through a sieve with 1.18 mm (no. 16 ASTM) prior to the extraction of three samples from 

each mix to be used on the rheological test, water retention and stability test. 

 

Stroboscope light 
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Table 5.3 Experimental condition tested 

Experiment  I Experiment  VI 

Delay on SP addition (min) A 2 Delay on SP addition (min) A 5 

Initial water quantity (%) B 66 Initial water quantity (%) B 75 

Mixing speed (rpm) C 800 Mixing speed (rpm) C 800 

Mixing time after SP addition 

(min) 
D 3 

Mixing time after SP addition 

(min) 
D 4 

Experiment  II Experiment  VII 

Delay on SP addition (min) A 2 Delay on SP addition (min) A 10 

Initial water quantity (%) B 70 Initial water quantity (%) B 66 

Mixing speed (rpm) C 1500 Mixing speed (rpm) C 2200 

Mixing time after SP addition 

(min) 
D 4 

Mixing time after SP addition 

(min) 
D 4 

Experiment  III Experiment  VIII 

Delay on SP addition (min) A 2 Delay on SP addition (min) A 10 

Initial water quantity (%) B 75 Initial water quantity (%) B 70 

Mixing speed (rpm) C 2200 Mixing speed (rpm) C 800 

Mixing time after SP addition 

(min) 
D 5 

Mixing time after SP addition 

(min) 
D 5 

Experiment  IV Experiment  IX 

Delay on SP addition (min) A 5 Delay on SP addition (min) A 10 

Initial water quantity (%) B 66 Initial water quantity (%) B 75 

Mixing speed (rpm) C 1500 Mixing speed (rpm) C 1500 

Mixing time after SP addition 

(min) 
D 5 

Mixing time after SP addition 

(min) 
D 3 

Experiment  V  

Delay on SP addition (min) A 5 

Initial water quantity (%) B 70 

Mixing speed (rpm) C 2200 

Mixing time after SP addition 

(min) 
D 3 

 

  

Figure 5.3 Mixer blade used in the experimental work 
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5.4.2. Rheological behaviour 

In order to study the rheological behaviour of fresh hydraulic lime grouts, a Brookfield viscometer 

LV DV-II+PRO was used to measure the apparent viscosity versus angular velocity at a room 

temperature of 20±2ºC. The viscometer was equipped with a spindle with a radius of 6.3 mm. The 

viscometer was controlled by a computer with the DVLOADER software that allows the creation of 

programs to control the viscometer and records all parameters being analysed according to the 

spindle used. Two programs were designed to test the different grouts. Program 1 represents the 

grout behaviour in the short term and when it is subjected to different shear rates. This program 

consisted in an increase of the angular velocity from 0 rpm to 200 rpm with steps of 5 rpm each 15 s 

during 10 minutes. The apparent viscosity was recorded every 15 s. The second part of rheological 

analysis (program 2) consisted on submitting all grouts to a constant angular velocity of 50 rpm 

during 2 hours after program 1 was ended. The apparent viscosity was recorded every 5 minutes and 

the average results of apparent viscosity versus angular velocity for each experiment are shown in 

Figure 5.4. 

 

 

Figure 5.4 Values of apparent viscosity versus angular viscosity for all mixtures – program 1. (For this graph apparent 

viscosity values were limited to 600 mPa.s) 

 

There is a decrease of apparent viscosity for all mixtures with the increasing of angular velocity. 

This behaviour of hydraulic lime grouts is similar to other cementitious materials with a shear-

thinning behaviour i.e. decreasing of viscosity with increasing of shear rate (Roussel et al. 2010). In 

the beginning, at low shear rates, the grout can be considered as a flocculated system as consequence 

of interparticle bonds, Van der Waal’s attraction forces and also due other physical and chemical 

factors that exist between binder particles (Wallevik 2009b; Yahia 2011). Nevertheless, in the 

50 

150 

250 

350 

450 

550 

0 20 40 60 80 100 120 140 160 180 200 

A
p

a
rr

en
t 

V
is

co
si

ty
 (

m
P

a
.s

) 

Angular velocity (rpm) 

Exp I Exp II Exp III 
Exp IV Exp V Exp VI 
Exp VII Exp VIII Exp IX 



Chapter 5. 

 Influence of mixing procedures upon fresh state properties of grouts 

 

 
________________________________________________________________________________________________ 

84

presence of superplasticizer the degree of flocculation is lower than a mixture without 

superplasticizer (Feys et al. 2008). Even so, the increasing of shear rate provides a strain capable of 

breaking this flocculated system, resulting in a decrease of viscosity. At higher shear rates (angular 

velocity) the viscosity tends towards a constant value as showed in Figure 5.4. This value is called 

second Newtonian region, this behaviour is a consequence of the binder molecules being in a state 

of maximum orientation in the flow direction for high shear rate values. 

 

Concerning the second part of rheological analysis (program 2), the average values of viscosity 

versus time are presented in Figure 5.5. 

 

 

Figure 5.5 Value of apparent viscosity versus time for all mixtures – program 2 (For this graph apparent viscosity values 

were limited to 1000 mPa.s) 

 

When a shear rate is reduced drastically (with the beginning of program 2) instead of breaking down 

the agglomerates that may exist, the particles will rebuild again and, as a consequence, the apparent 

viscosity increase slightly as shown in Figure 5.5 in the beginning of the program. This behaviour of 

structural recover when the stress rate is reduced or removed is compatible with thixotropy. 

Thixotropic behaviour happens because the breakdown of the structure between particles allows 

those particles to start orientating themselves in the line of flow, which results in a decrease of 

viscosity (as observed with prog 1) but when the shear rate is reduced (prog 2) the reorganization of 

the particles takes place in a short time period (Wallevik 2009a). For all mixtures a viscosity 

increase with time was observed until 1 hour after the program 2 was started (i.e. 1 h 10 min after 

the mixing process). This response can be due to the fact that the linkages between binder particles 

were starting to become permanent with the beginning of grout hardening (Bras and Henriques 
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2009; Wallevik 2009b). The viscosity values obtained for each experiment show considerable 

differences, due to different connections of the porous networks of the fresh grouts when mixed with 

factors that have different values (levels) (Bras and Henriques 2009). 

 

5.4.2. Water retention 

The ability to preserve water within grout suspension for the longest possible time will allow to 

maintain good rheological behaviour and grout stability in order to insure a successful injection. The 

measurement of water retention was performed in accordance with the ASTM C941-02. This test 

determines the time required to remove a certain amount of water from the grout sample. A vacuum 

of 5.0 ± 0.2 kPa (controlled by digital manometer) was applied to a Bruckner funnel containing 500 

ml of the grout, while a graduated cylinder collected the removed water (Figure 5.6). The standard 

recommends that the test ends when 60 ml of water was removed, but only 45 ml were considered 

since some grouts were unable to lose 60 ml of water. 

 

Figure 5.6 Device for measurement of water retention according with ASTM C941-02 

 

5.4.3. Stability test 

The grout stability was analyzed measuring density variations, a procedure developed by Van 

Rickstal (Van Rickstal 2000). The grout samples were placed in a 500 ml cup and a spherical object 

with a volume of 4.85 cm
3
 and a mass of 34.29 g was hanging above grout and the immersed 

volume was calculated for each test. The sphere undergoes buoyancy according to Archimedes law 

(see Figure 5.7). This force varies with grout density which changes when instability leads to the 

deposition of particles at the bottom of cup causing a decreasing of density on the top layers. 
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5.5. Results and discussion 

The test results obtained from the nine experimental conditions defined in Table 5.3 were analysed 

using the S/N ratio by the Taguchi method. The calculated S/N ratios and the average values 

(expressed in the units of each parameter) for each experiment are presented in Table 5.4. 

 
Table 5.4 S/N ratio for each experiment and the average values of parameters (unit value) for nine experiments 

Experiment 

Apparent viscosity - 

prog 1 

Apparent viscosity - 

prog 2 
Water retention time CV Stability test 

mPa.s S/N (dB) mPa.s S/N (dB) sec. S/N (dB) (g/cm3) S/N (dB) 

I 138.45 -42.835 385.62 -51.911 2172.33 66.447 0.210 13.157 

II 144.00 -43.179 527.02 -55.363 1649.67 64.321 0.268 11.355 

III 155.17 -43.865 667.66 -56.542 2571.33 68.183 0.242 12.131 

IV 152.50 -43.680 353.39 -52.361 2408.33 67.545 0.245 11.831 

V 158.13 -43.997 380.92 -51.665 2540.33 67.948 0.268 11.359 

VI 146.64 -43.406 504.83 -54.099 1840.00 65.181 0.140 17.045 

VII 229.73 -47.244 516.69 -54.946 3573.67 70.000 0.313 9.878 

VIII 146.30 -43.321 484.50 -53.735 2137.67 66.561 0.124 17.951 

IX 160.65 -44.134 352.52 -50.955 3382.33 70.000 0.197 13.812 

         

Figure 5.7 Set up to evaluate the grout stability 
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In the following paragraphs the evaluation of the analyses of variance (ANOVA) and the influence 

of all the considered parameters - viscosity program 1, viscosity program 2, water retention and 

stability is presented. 

 

5.5.1. Viscosity – program 1 

The apparent viscosity obtained with program 1 represents the grout behaviour in the short term and 

when submitted to different shear rates. A smaller viscosity conduces to a better flow during the 

grout injection. From Figure 5.8 it is evident that a longer delay on superplasticizer addition did not 

produce any improvement on viscosity of hydraulic lime grout, in contrast with the conclusions 

obtained for cement pastes by other researchers (Aiad 2003; Bjornstrom and Chandra 2003; Van 

Rickstal 2000). The smaller delay considered - 2 minutes after the beginning of the mixture process 

(level 1) - lead to the lowest viscosity. The water quantity is one of the factors that have the less 

influence on viscosity (Table 5.5). More water at the beginning of the mixing process (level 3) leads 

to a lower viscosity values. The most influential factor is the mixing speed (see Table 5.5). From 

Figure 5.8 it is clear that low mixing speed (level 1) leads to small viscosity values. The increase of 

mixing speed leads the particles to a more dispersed state which results in a grout with higher 

specific surface. It is well know that higher specific surface increases the need of a higher amount of 

superplasticizer to maintain the grout fluidity. Since the amount of superplasticizer was kept 

constant a more dispersed grout results in less amount of superplasticizer available to ensure the 

grout fluidity and consequently an increase in apparent viscosity is obtained. The mixing time after 

superplasticizer addition presents the lowest influence on viscosity results. However, the mixing 

time of 3 minutes is the one that presents the lower viscosity. 

 

Table 5.5 Analyses of variance (ANOVA) for viscosity – program 1 

Factors 
Degree of 

freedom 

Sum of square 

deviation (SS) 

Contribution 

of factor 

Delay on SP addition 2 4.192 31.061 

Initial water quantity 2 1.889 13.998 

Mixing speed 2 5.524 40.927 

Mixing time after SP 

addition 
2 1.888 13.991 

Total 8 13.493 100 
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5.5.2. Viscosity – program 2 

Program 2 gives the information about the long-term viscosity and grout behaviour at a constant 

shear rate. Therefore, a low viscosity means that the grout is able to preserve the workability and the 

capacity to flow and fill the voids inside the porous media. From Figure 5.9 it can be seen that the 

delay on superplasticizer addition causes a significant decrease in viscosity until time delay of 5 min 

(level 2). The initial water quantity is one of the factors that has the lowest influence on the viscosity 

(Table 5.6). It is evident that initial water amount produces tiny variations in viscosity values and 

that for the mixing speeds higher than 1500 rpm (level 2) there is an increase of viscosity. On the 

other hand, for mixing speeds between 800 and 1500 rpm (< level 2) the changes are less significant. 

The effect of mixing time after superplasticizer addition is the highest of all the others factors. For a 

mixing time after addition of superplasticizer higher than 3 minutes (level 1) there is an expressive 

increase of viscosity. 

 

 
Table 5.6 Analyses of variance (ANOVA) for viscosity – program 2 

Factors 
Degree of 

freedom 

Sum of square 

deviation (SS) 

Contribution 

of factor 

Delay on SP addition 2 5.794 20.053 

Initial water quantity 2 0.971 3.362 

Mixing speed 2 3.641 12.600 

Mixing time after SP 

addition 
2 18.489 63.983 

Total 8 28.895 100 

 

 
Figure 5.8 Influence of factors on apparent viscosity - prog. 1 
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5.5.3. Water retention time 

The grout should have the capacity of retaining water to ensure the preservation of the rheological 

properties and consequently a good flow during injection into porous media. The loss of water into 

the masonry can work as a blocking mechanism for injection process (Van Rickstal 2000). The 

delay on superplasticizer addition is the one that presents the highest influence on the water 

retention time (Table 5.7). In Figure 5.10 it is clear that the delay of 10 minutes after the addition of 

mixing water shows a high water retention time. The initial water quantity causes a significant 

decrease of water retention time between level 2, achieving the highest value for level 1 (lowest 

initial water amount). The effect of mixing speed presents an increase of water retention time with 

increase of mixing speed as showed in Figure 5.10. Since the water retention is a function of the 

adsorption characteristics of the particles inside the grout, their shape and relative location are 

crucial for the explanation of this phenomena (Bras and Henriques 2009). Since in this case the 

particles have the same shape, their relative position should be responsible for the differences 

obtained. Thus, the quality of dispersion, which depends on the mixing velocity, determines water 

retention capacity since it allows more particles to be wetted and therefore more water to be 

absorbed on their surfaces and less free water to bleed. The highest water retention time is achieved 

with the lower mixing time after addition of superplasticizer (level 1), and the lowest with 4 minutes 

(level 2).  

Table 5.7 Analyses of variance (ANOVA) for water retention time 

Factors 
Degree of 

freedom 

Sum of square 

deviation (SS) 

Contribution 

of factor 

Delay on SP addition 2 10.611 34.852 

Initial water quantity 2 5.287 17.367 

Mixing speed 2 10.528 34.580 

Mixing time after SP 

addition 
2 4.014 13.186 

Total 8 30.440 100 

 
Figure 5.9 Influence of factors on apparent viscosity - prog. 2 
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5.5.4. Stability test 

Good grout stability is one of key requirements for the grout to be injectable into porous medium. 

The analyses of the results of stability were done with the coefficient of variation of density in 

relation to the initial density. A small coefficient of variation (small is better) represents a lower 

variation of grout density, consequently reduced segregation and bleeding. The factor delay on 

superplasticizer addition represents one of factors with less contribution (Table 5.8). However, in 

Figure 5.11 it is noticeable that the delay addition of 10 minutes (level 3) presents a slight decrease 

of coefficient of variation. The initial water quantity causes a decrease of coefficient of variation 

between level 1 and 2, but shows a slight tendency to increase for higher amounts of water (level 3). 

The effect of mixing speed has the highest contribution and represents the most significant factor in 

reducing the coefficient of variation of stability results. In the tests, level 1 (800 rpm) proved to be 

the best approach. The mixing time after superplasticizer addition is the factor with less contribution 

to reducing of coefficient of variation. 

 
Table 5.8 Analyses of variance (ANOVA) CV of stability test 

Factors 
Degree of 

freedom 

Sum of square 

deviation (SS) 

Contribution 

of factor 

Delay on SP addition 2 4.428 7.561 

Initial water quantity 2 11.664 19.915 

Mixing speed 2 39.580 67.578 

Mixing time after SP 

addition 
2 2.895 4.944 

Total 8 58.567 100 

 

 

Figure 5.10 Influence of factors on water retention time 
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5.5.5. Optimum mixing design procedures 

It was demonstrated by the analysis of the influence of different factors on the parameters (apparent 

viscosity, water retention and stability) that the optimal mixing procedure of each parameter is 

different for all of them (Table 5.9). 

 

Table 5.9 Optimal mixing proceedings for each criterion 

Optimal mix 

procedures 

Delay on SP 

addition (min) 

Initial Water 

Quantity (%) 

Mixing Speed 

(rpm) 

Mixing time 

after SP 

addition (min) 

Apparent Viscosity - 

program1 
2 75 800 5 

Apparent Viscosity - 

program2 
5 66 1500 3 

Water Retention Time 10 66 2200 3 

Stability Test 10 70 800 5 

 

Until now one factor at a time has been analyzed, but the aim of the research it is to determine the 

mixing procedure that leads to the optimization of all criteria. For that purpose the overall evaluation 

criterion (criterion that belongs to the Taguchi method) was used, which allows combining different 

evaluation criterion into a single quantity that allows the determination of the optimum factor 

combination, the one that best satisfies all the parameters according to each criteria evaluations and 

relative weight (Roy 2001). Table 5.10 presents the equal relative weights assumed for all the 

parameters and the quality characteristics (three quality characteristics can be used as function of the 

analysis factors namely: smaller is better; bigger is better and nominal is better. In this research only 

the first two were used). According to the levels and factors presented above, the optimum mixing 

procedure for a better stability, water retention and rheological behaviour leads to a natural 

 
Figure 5.11 Influence of factors on CV of stability test 
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hydraulic lime grout mixed with a 10 minutes delay on superplasticizer addition, 70% of initial 

water amount, mixing speed of 800 rpm and a mixing time after superplasticizer addition of 3 

minutes (Table 5.11). 

 
Table 5.10 Overall evaluation criterion inputs values 

Criterion 
Quality 

characteristic 

Relative 

weight 

Apparent viscosity - program1 Small is better 25 

Apparent viscosity - program2 Small is better 25 

Water Retention Time 
Bigger is 

better 
25 

Stability Test Small is better 25 

 

Table 5.11 Optimum hydraulic lime mixing procedures 

Factors Level Value 

Delay on SP addition (min) 3 10 

Initial water quantity (%) 2 70 

Mixing speed (rpm) 1 800 

Mixing time after SP addition (min) 1 3 

 

Confirmation tests for testing the optimum mixing procedure were performed. The average values of 

the optimum mix are presented in Table 5.12, where it can be noticed a good agreement between the 

confirmation results and the expected results from the Taguchi method and also that they are within 

the confidence interval obtained for a confidence level of 95% (Table 5.12). 

 

Table 5.12 Expected results at optimum mixing procedures and experimental confirmation 

Criterion 
Expected result at 

optimum 

Experimental 

result 

Confidence 

interval (95%) 

Apparent viscosity – prog 1 

(mPa.s) 
152 139 130 - 174 

Apparent viscosity – prog 2 

(mPa.s) 
368 396 322 - 420 

Water retention (sec.) 2745 2569 2555 - 2935 

CV Stability test (-) 0.133 0.144 0.106 - 0.167 

 

5.5.6. Discussion  

According to the optimum parameters achieved by OEC the delay of superplasticizer addition 

should be of 10 min. This result is in agreement with those presented by other authors for cement 
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systems (Aiad 2003; Fernàndez-Altable and Casanova 2006) to whom the delay addition of 

superplasticizer improve the effectiveness of the particles dispersing, when compared to an addition 

without delay.  

 

Since the delay addition leads to a lower amount of superplasticizer being intercalated in diverse 

hydration products (Flatt and Houst 2001), a higher amount of superplasticizer will be available for 

an effective dispersion of binder particles and consequently to decrease the water amount that is 

trapped inside the flocculated particles (Aiad et al. 2002; Bjornstrom and Chandra 2003). The 

optimum initial water amount of 70% probably contributes to an increased distance between 

particles, allowing a better water absorption of the binder and leading to a decrease of free water that 

result in a mixture with higher stability. In turn, a higher amount of water enables binder particles to 

be thoroughly wet at the moment of the addition of superplasticizer and the remaining water. 

 

The lowest mixing speed of 800 rpm suggested by OEC to achieve a grout with both better 

rheological behaviour and stability is in contrast with other researchers that concluded that a higher 

quality of dispersion is achieved with increased mixing speeds (Williams et al. 1999; Yang and 

Jennings 1995), or that a more efficient hydration of the binder is reached in the vigorous blending 

(Aiad et al. 2002). However, Toumbakari (1999) also concluded in the case of grouts composed of 

cement and mineral additives that high mixing turbulence (2400 rpm) leads to a mixture with large 

flocculates since the high mixing speed is not capable of deflocculating all the formed flocs 

comparatively with grouts obtained with lower mixing speed. The best mixing time after the 

addition of superplasticizer was 3 minutes, which means that an increase of mixing time does not 

necessarily produce an improvement of grout behaviour and stability. However, the achieved 

optimal factors allow the conclusion that the mixing procedure should contain the following 

sequence: 10 minutes after the mixing was started the remaining water together with superplasticizer 

is added (within 30s without stopping the mixer). After the superplasticizer had been added, the 

mixture was maintained for 3 more minutes, resulting in a total mixing time of 13.5 minutes which 

is enough to ensure a good wetting of binder particles and a homogenous distribution of 

superplasticizer in the mixture. 

 

Nevertheless, it should be noted that the optimization of behaviour and stability of superplasticized 

fresh hydraulic lime grouts will depend on other parameters that have not been considered in this 

study, such as dosage of superplasticizer. According to the works of Fernàndez-Altable and 
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Casanova (2006) the superplasticizer dosage can depend on several factors including those studied 

in this research. This means that the values of initial water quantity, delay of the addition of the 

superplasticizer, mixing speed and mixing time might be subject to some variations if the dosage of 

superplasticizer differs from the dosage used. However, the results of this chapter demonstrated the 

importance of factors studied in the flow and stability of hydraulic lime grouts, and also the potential 

for using superplasticizer to enhance its properties. 

 

 

5.6. Conclusions 

 

The influence of delay addition of superplasticizer, initial water amount, mixing speed and mixing 

time on rheological behaviour and stability of hydraulic lime grouts was investigated. Since it is 

known that the first requirement for a grout to be injectable is to have low viscosity and high 

stability, several laboratory tests were performed to achieve an appropriate mixing procedure that 

optimizes grout properties. For that the influence of different mixing procedures on each parameter 

(apparent viscosity, water retention and stability) were evaluated using the concept of Design of 

Experiments. However, an attempt was made to determine the mixing procedure that simultaneously 

optimized all the parameters. For this purpose the overall evaluation criterion (proposed by the 

Taguchi method) was used, allowing the combination of different criteria to determine the 

combination of factors that best satisfies all the parameters. Based on the achieved results the 

following points are to be emphasized: (i) a delay on superplasticizer addition of 10 minutes 

improves the particles dispersion that leads to an improvement of the grout fluidity; (ii) an initial 

water amount of 70% induces a more stable mix with better rheological behaviour (lower viscosity); 

(iii) the mixing speed of 800 rpm produces a better mixture than higher speeds; (iv) 3 minutes of 

mixing time after superplasticizer addition are enough to ensure a homogenous superplasticizer 

diffusion.  

 

This chapter allowed for the definition of an optimum mixing process that enhances grout 

performance for a successful injection, which is particularly relevant given the little information 

available about the use of superplasticizer in hydraulic lime grouts. However, the author is aware 

that the mixing procedures have been performed in a laboratory environment and it means that some 

outside parameters will probably have an impact in some results. 

.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6. EFFECTS OF ADMIXTURES AND 

POZZOLANS IN THE PROPERTIES OF GROUTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter the evaluation of different pozzolans (such as silica fume and fly ash) and admixtures 

(such as superplasticizer and air entraining agent) on the fresh and hardened properties of grouts is 

presented.

6 
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6.1. Introduction 

The synthesis of new and more effective grout formulations depends on the knowledge of the 

influence of grout components on its properties. So, a better understanding on the effects of different 

admixtures and pozzolans on the properties of the hydraulic lime grouts is essential for further 

improvement of its performance  

 

The aim of the present chapter is to study the influence of the incorporation of different pozzolans, 

such as silica fume (SF) and fly ash (FA), and admixtures, such as superplasticiser (SP) and air 

entraining agent (AEA) on the fresh and hardened grout phase. As mentioned earlier, natural 

hydraulic lime binder plays a role of great importance in the conservation of historic structures, due 

to its compatibility with pre-existing materials. However, hardly any information is presently known 

regarding the effect of these materials on the behaviour of natural hydraulic lime grouts. The 

improvement of hydraulic lime grout properties through the use of these products is still an open 

field.  

 

The results summarised in this chapter provide a preliminary picture of how these products can 

affect fresh grout properties, such as rheology, stability and water retention, which are directly 

related with those in the hardened state, such as mechanical strength and porosity. 

 

 

 

6.2. Experimental details 

6.2.1. Grout compositions 

The grouts were prepared with a fixed water/binder ratio of 0.5. The pozzolans (FA and SF) were 

blended with the hydraulic lime at replacement ratio of 10% by lime weight. The grout mixtures 

were prepared with and without admixtures, the SP dosage of 0.5% by weight of binder was added 

and an AEA was used at a dosage of 0.5% by weight of binder. A total of nine different grout 

mixtures were performed as showed in Table 6.1. 
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Table 6.1 Grout mix designs 

Notation Constituents SF 

(wt%) 

FA 

(wt%) 

SP 

(wt%) 

AEA 

(wt%) 

water/binder 

(-) 

Mix 1 Lime - - - - 

0.5 

Mix 2 Lime + SF 10 - - - 

Mix 3 Lime + FA - 10 - - 

Mix 4 Lime + SP - - 0.5 - 

Mix 5 Lime + SP + SF 10 - 0.5 - 

Mix 6 Lime + SP + FA - 10 0.5 - 

Mix 7 Lime + AEA - - - 0.5 

Mix 8 Lime + AEA + SF 10 - - 0.5 

Mix 9 Lime + AEA + FA - 10 - 0.5 

 

6.2.2. Mixing procedures 

The hydraulic lime grouts were prepared at room temperature (20±2ºC) and a relative humidity of 

60±2%. For the preparation of grouts ordinary tap water, at a temperature of 18±2ºC, was used and 

both pozzolans (SF or FA) and dry hydraulic lime were hand mixed to ensure a homogeneous 

distribution before the beginning of the mechanical mixing. The mixture procedure adopted was the 

one achieved on the previous chapter: the whole powder (lime + pozzolan) is added to 70% of total 

mix water and mixed for 10 minutes. The remaining water (with diluted SP or AEA) is added within 

30 s (without stopping the mixer). After all materials had been added, the mixture was maintained 

for an additional 3 minutes at 800 rpm. At the end of mixing, each grout sample was passed through 

a sieve with 1.18 mm (no. 16 ASTM) before the experimental measurements. 

 

6.2.3. Rheological measurements 

Rheological properties were evaluated with a Bohlin Gemin HR
nano

 rotational rheometer, equipped 

with a plate-plate geometry (with Ø = 40 mm) and a gap of 2mm (see Figure 6.1). The grout 

samples were analysed 10 minutes after the mixing process had ended. In all measurements the 

rheological protocol adopted was the following: a pre-shearing stage of 60s at shear rate of 1 s
-1

 

followed by 60s at rest was applied. The pre-shearing of 60 deformation units was applied in order 

to ensure a similar initial state for all samples, since after mixing and depending on the time elapsed, 

the sample may be not exactly at the same stage and the pre-shear has the advantage of eliminate 
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those small differences, before starting the rheological measurements. Then, the shear rate was 

increased from 0 to 300s
-1

 (the maximum shear rate used). Each shear rate was applied long enough 

in order to ensure the attendance of the steady state, before measurements took place. The duration 

of each shear rate was determined through a single shear test and correspond to the time elapsed 

before viscosity became constant. 6 s, for shear rates up to 4 s
-1

 and 2 s for shear rates higher than 

4s
-1

, were chosen. However, the total test time (without taking into account the pre-shear) was 2 

minutes. All grout samples were analysed with a constant temperature of 20ºC, maintained by means 

of a temperature unit control. As mentioned in chapter 3, the fresh grout properties can be used as 

control factors to analyse if a grout is suitable for injection, since a smaller yield value and plastic 

viscosity means an easier injection process and, consequently, lower pressures. Based on previous 

works (Bras, Henriques, and Cidade 2010; Roussel et al. 2010) it is known that the rheological 

behaviour of fresh hydraulic lime grouts is shear-thinning i.e. decrease in viscosity with increase in 

shear rate. The results were interpreted using a rheology suspension framework, the Bingham model 

was used to fit the experimental data in order to determine plastic viscosity (Barnes 2000): 

 

                      (6.1) 

 

where:   is the shear stress (Pa),    is the yield stress (Pa),    is the plastic viscosity (Pa.s),    (s-1
)is 

the shear rate. In order to avoid an overestimation of the yield stress consequence of poor correlation 

between shear thinning part of flow curve and eq. 6.1; the yield stress values were obtained from the 

correspondent shear stress values for a small shear rate i.e.    = 0.5s
-1

. 

 

 

        

(a)                                                            (b) 

Figure 6.1 Illustration of (a) rotational rheometer and (b) plate-plate geometry 
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6.2.4. Stability test 

Grout stability was analysed in accordance with the procedure described in chapter 5.4.3.  

6.2.5. Water retention 

The measurement of water retention was performed in accordance with the procedure described in 

chapter 5.4.2. 

6.2.6. Air content 

The evaluation of entrained air in the fresh grout was performed by means of pressure method, using 

a device in accordance with the EN 459-2 (2002). This device measures the air content of fresh 

grout based on the pressure-to-volume relationship of Boyles-Mariotte Law (Figure 6.2). From 

observation of the change in volume of the grout sample with a change in pressure, the air content of 

each mix can be determined. The air content test is a simple test that was performed 2 minutes after 

mixer process had ended. 

 

Figure 6.2 Device used to measure the air content of fresh grout 

6.2.7. Compressive strength 

Compressive strength was evaluated by means of five samples of each mix that were poured into 

oiled steel moulds (160 x 40 x 40 mm) (Figure 6.3a). After 5 days, the specimens were taken out of 

the moulds and cured in a controlled atmosphere, at 20±2ºC and 60% relative humidity, until the age 

of the compressive test (Figure 6.4b). The compressive strength test was conducted at the maturity 

age of 7, 14 and 28 days. A pre-load of 50N was first applied before data collection commenced at a 

compression rate of 0.7mm/min to failure, using a Z050 Zwick mechanical test machine with 5 kN 

capacity. 
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6.2.8. Open porosity 

In order to analyse grout porosity the European Standard EN 623-2 was adopted. The measurement 

method (method of hydrostatic weighing) requires that the grout sample is fully saturated with 

water, from which the total open pore volume can be calculated by the following equation: 

              
     

     
      

Where the m3 is the mass of saturated sample; m2 is the mass of saturated sample in water 

(hydrostatic weighing) and m1 is the mass of dried sample. In this method, the grout sample must be 

fully saturated (to get m3 and m2 values); to achieve that, all samples were submitted into a vacuum 

treatment using a desiccator in order to ensure a filling of all pores with water, after which the 

samples were pressurised whilst they were maintained fully immersed in water (see Figure 6.4). The 

grout samples were cured in a controlled atmosphere, at 20±2ºC and 60% of relative humidity, until 

the maturity age of 28 days when the porosity test was carried out. 

 

Figure 6.4 Set-up for vacuum treatment 

 

(a)    (b)     (c) 

Figure 6.3 (a) Grout sample mould, (b) mechanical test machine and (c) compressive strength test 

 

(6.2) 
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6.2.9. Water vapour permeability 

The water vapour permeability test was performed applying the European Standard EN 1015-19 

(1998), which is based on the variation of weights. The protocol was the following: an aluminium 

capsule was part filled with deionised water (about 1 cm of water) then a piece of cotton wool was 

placed over the water to avoid splashing during handing of the capsule. A moisture saturated 

ambient condition (RH 98%) was maintained in the capsule, the sample (cylindrical shape with a 

diameter of 95mm and 10mm of thickness - Figure 6.5a) was placed over the capsule and perimeters 

of which were sealed with silicone paste. After the capsule was sealed the mass of the set (capsule + 

sample - Figure 6.5b) was measured on a precision scale of 0.001g. The set was then placed into a 

climate chamber in which a stable moisture content and temperature of 40% and 23ºC, respectively, 

were maintained (Figure 6.5c). The mass of the set was recorded every 24 hours and the capsule was 

held in the climate chamber until a steady vapour flow was reached (i.e. when subsequent weighing 

procedure gives the difference less than 5%). The water vapour permeability ( ) was calculated by 

the following equation: 

   
   

           
 

Where G is the water vapour flow (g/h) at steady state; S is the area of the sample (m
2
); ΔP is the 

water vapour pressure gradient between the two sample surfaces (Pa) and e is the sample thickness 

(m). 

 

       

(a)    (b) 

 
(c) 

Figure 6.5 (a) Grout cylindrical sample mould, (b) capsule + sample and (c) climate chamber used 

(6.3) 
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6.2.10. SEM observations 

The microstructure of different grout samples, previously cured in a controlled atmosphere, at 

20±2ºC and 60% of relative humidity, were carried out using a ZEISS DSM 962 Scanning Electron 

Microscope (SEM). The samples were previously coated using a POLARON SC502 and then 

examined by SEM at an accelerating voltage of 5kV. 

 

 

6.3. Results and discussion 

6.3.1. Rheological measurements 

Plots of variation of shear stress as a function of shear rate, for the different grout mixes, were 

analysed. Figure 6.6 shows the curves obtained from the mean values of at least three repetitions of 

each mix. The plastic viscosity values presented in Table 6.2 were calculated from the fitting of eq. 

6.1 to the experimental data. From Figure 6.7 it can be seen the rheological model adjusted to the 

linear part of the flow curve of mix 1 and 2. The yield stress values correspond to the shear stress 

measured at shear rate of 0.5s
-1

. The author is aware that, doing this, the values obtained may be 

overestimated, however they allow for comparison between different mixes. 

 

 

Figure 6.6 Shear stress versus shear rate for different grout mixes 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 100 200 300 

S
h
ea

r 
st

re
ss

  
(P

a)
 

Shear rate (1/s) 

Mix 1 - Lime 

Mix 2 - Llime+SF 

Mix 3 - Lime+FA 

Mix 4 - Lime+SP 

Mix 5 - Lime+SP+SF 

Mix 6 - Lime+SP+FA 

Mix 7 - Lime+AEA 

Mix 8 - Lime+AEA+SF 

Mix 9 - Lime+AEA+FA 



Chapter 6. 

Effects of admixtures and pozzolans in the properties of grouts 

 

 
________________________________________________________________________________________________ 

104

 

Figure 6.7 Fitting the Bingham equation to the linear part of the flow curve of mix 1 and 2. 

 

From the results presented in Table 6.2 it is clear that SF has a harmful effect on grout rheological 

behaviour (mix 2). The addition of SF leads to an increase of specific surface, causing higher 

adsorption of water resulting in an increase of yield stress and plastic viscosity. According to the 

conclusions of Kadri (2009) the use of SF causes difficulties in workability of cementitious 

mixtures, since the cohesiveness of grout mixture improves when SF is present, which is due to an 

increase in the number of contact points between solid particles; thus, the presence of other 

admixtures such as SPs is required to solve this problem (Karanam 2009). Indeed, when SP is added 

(mix 5) the fresh grout properties, such as yield stress and plastic viscosity, decrease compared to 

the grout without SP (mix 2). Note, however, that the results of mix 4 and 5 are not directly 

comparable, since the same dosage of SP has been used for all the mixes and, due to the high 

specific surface area of SF, the saturation dosage may be much larger for mix 5 than that for mix 4. 

 
Table 6.2 Rheological properties of grouts 

  Yield stress 

(Pa) 

Plastic viscosity (Pa.s) 

Value r 

Mix 1 Lime 1.64 0.126 1.00 

Mix 2 Lime + SF 2.36 0.150 0.99 

Mix 3 Lime + FA 1.30 0.122 1.00 

Mix 4 Lime + SP 0.50 0.061 0.99 

Mix 5 Lime + SP + SF 0.70 0.064 0.99 

Mix 6 Lime + SP + FA 0.11 0.059 0.99 

Mix 7 Lime + AEA 1.54 0.140 1.00 

Mix 8 Lime + AEA + SF 2.15 0.172 1.00 

Mix 9 Lime + AEA + FA 0.79 0.133 1.00 

r Correlation coefficient of Bingham model fitted to the linear part 

of the rheograms 

y = 0,1261x + 26,068 

R² = 0,9979 

y = 0,1497x + 44,561 

R² = 0,9927 
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Hydraulic lime replacement by FA results in a slight decrease in the rheological properties. This 

behaviour is probably due to the replacement of irregular hydraulic lime particles by FA particles 

with spherical morphology (Laskar and Talukdar 2008), which contributes not only to a less mono-

sized suspension but also to a lubricant effect between lime particles that facilitates the beginning of 

grout flow (reducing the yield stress), as can be seen by comparing the yield stress values of mix 1 

and mix 3. The FA does not adversely affect the rheological performance as SF does, because the 

FA particles are not as small as SF particles. Hence, for the same replacement percentage the FA has 

a lower surface area, thus resulting in a smaller adsorption of admixtures and consequently lower 

water consumption. This fact leads to an improvement in grout injectability through a reduction of 

yield stress and viscosity values. From the values of rheological parameters (Table 6.2) it is clear 

that SP is the admixture that most contributes to a better grout rheological performance (as shown by 

mix 1 and 4, since SP imposes repulsive forces that prevent the solid particles from flocculation, 

resulting in a larger dispersion of the grout and a decrease in yield stress and plastic viscosity. In 

fact, the results show that SP incorporation is a necessity when SF is used. The grout with SP and 

FA (mix 6) shows the best rheological behaviour (the lowest yield stress and plastic viscosity), most 

probably due to the combined effect of ball bearing action of FA particles and dispersing action of 

SP. 

 

It is well known that rheological properties are affected by the air voids inside the grout 

microstructure. Hence, the small air bubbles, which work as a deformable inert in the mixture, help 

to disperse the hydraulic lime particles (Du and Folliard 2005). The AEA provides the production 

and fixation of small air bubbles on the particle surface that improves grout fluidity, owing to its ball 

bearing effect and without the drawback of water consumption as happens with SF or FA. That fact 

leads to a slight decrease in yield stress for grout with AEA (mix 7 and 9) when compared to the 

grouts without AEA. However, the behaviour of grouts with AEA and SF (mix 7) becomes worse. 

Once again this may be due to the effect of a very high specific surface area caused by SF fineness. 

 

6.3.2. Stability and water retention capability 

The effect of each product in grout stability and water retention for the nine mixtures tested is 

presented in Figure 6.8, 6.9 and 6.10. The hydraulic lime replacement by SF (mix 2), which is an 

ultrafine powder whose particle dimension is at least 100 times smaller than hydraulic lime particle 

size, results in a suspension with dominant internal friction between closely-packed particles, that 
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cause a reduction on grout stability (as shown in Figure 6.8, probably due to the aggregated particles 

that tend to sink by gravity. Even so, the presence of SF together with SP (mix 5) allows a 

significant improvement in grout stability as shown in Figure 6.9. The presence of SF decreases the 

amount of free water available in the mixture (water that is not adsorbed by solid particles), 

mitigating the phase separation effect, and therefore contributing to a higher water retention 

capability. On the contrary, the addition of FA, since its lower specific surface will allows a higher 

amount of free water, leads to lower stability and water retention capability. 

 

Figure 6.8 Effect of pozzolans on stability and water retention of different grout mixes 

As expected, the use of the SP (mix 4) also improves stability and water retention regardless of the 

presence of SF or FA, as can be seen by comparing the results of the Figure 6.8 and 6.9. The 

influence of SP on stability and water retention is clear, resulting from several phenomena, such as: 

(i) the dispersing action of SP opposes sedimentation, so the sedimentation process occurs more 

slowly and the particles settle more homogeneously; (ii) the SP de-flocculates grout particles, 

allowing a higher degree of wettability and consequently reducing the amount of free water 

(Mikanovic and Jolicoeur 2008). 

 

Figure 6.9 Effect of pozzolans and SP on stability and water retention of different grout mixes 
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From a stability and water retention point of view the use of AEA (mix 7) leads to the worse grout 

performance, when compared with the plain hydraulic lime grout (mix 1). This is in contrast to other 

researchers who claim that air bubble adsorption on the particle’s surface could prevent the particles 

sinking (Du and Folliard 2005). Moreover, grout performance is further worsened with the presence 

of SF or FA (mix 8 and 9) which is due to an increase in surface area that enhances the amount of 

admixture adsorbed on particle’s surfaces. Therefore, a lesser amount of AEA molecules are 

available for air bubble formation (Du and Folliard 2005). On the other hand, it can be seen in 

Figure 6.10 that a high water retention capability along with very low stability values was obtained 

in mixtures with SF and FA (mix 8 and 9). This may be due to the strong segregation phenomenon, 

since the particles sinking to the bottom prevent the extraction of water during the water retention 

test. 

 
Figure 6.10 Effect of pozzolans and AEA on stability and water retention of different grout mixes 
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of air incorporated in the fresh grout state. The author attributed this behaviour to the partial 

replacement of hydraulic lime particles by smaller and with higher fineness SF particles, which 

produces an air-entraining effect. A similar effect was observed by Wang et al (2010) with the 

incorporation of silica fume in cement mixture. 

 

 

Figure 6.11 Effect of pozzolans on the compressive strength of grouts 

 

 

Figure 6.12 Effect of pozzolans and SP on the compressive strength of grouts 

 

 

Figure 6.13 Effect of pozzolans and AEA on the compressive strength of grouts 
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From the data presented in Figure 6.11, it can be seen that FA does not significantly change 

compressive strength. Nevertheless, a slight decrease in grout strength can be observed when the FA 

is used as partial replacement of hydraulic lime. The author is convinced that these lower 

compressive strengths in the FA grouts are due to the slow pozzolanic reaction of FA, since only a 

few parts of the FA participated in the hydration reaction during the early ages, acting only as filler 

(Jiang and Guan 1999). The slow hydration process caused by FA can be seen in Figure 6.11, 6.12 

and 6.13 by comparing the values of compressive strength between the mixtures with FA (mix 3, 6 

and 9) and the plain hydraulic lime grout (mix 1). From the results of air content on fresh grout it 

can be seen that FA causes a similar effect as SF; although the increase in entrained air is less 

pronounced (see Figure 6.17). 

 

SP addition was found to be useful for the increment of grout compressive strength. In fact, the SP 

does not react by a chemical action on hydrated products; it affects the microstructure of the grout, 

and changes the morphology and size of lime hydration products (Demir and Serhat 2008). The 

examination of the microstructure on grout fractured surface at the maturity age of 7 days shows 

that, instead of larger and well-defined crystals, smaller crystals are formed (see Figure 6.14 and 

6.16). Similar observations were noted by other authors (Grabiec 1999; Yilmaz and Glasser 1989). 

 

 

Figure 6.14 SEM image of 7-days hardened grout without additives (mix 1) at 5000x 
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Figure 6.15 SEM image of 7-days hardened grout with SF (mix 2) at 3000x. 

 

 

Figure 6.16 SEM image of 7-days hardened grout with SP (mix 4) at 5000x 

 

Cement mixtures with melamine based SP, present structures smoother and compacter when 

compared to cement mixtures without SP. The results obtained showed an increase in compressive 

strength with the presence of SP that may result from particles dispersion promoted by SP action, 

which simultaneously provides better lime hydration. Moreover, it can be seen in Figure 6.18 that 

SP causes an increase in the air incorporated into the fresh grout state; however, the air entrained 

promoted by SP is smaller than the one caused by the AEA (see Figure 6.19) as expected. Based on 

data presented in Figure 6.13 it can be noted that grout mixtures with AEA have a strength loss at 

the maturity age of 28 days. It is believed that strength loss may be due to expansive ettringite 

formation by reaction of sulphate with anhydrous or hydrated calcium aluminates (Collepardi 2003). 

However, this behaviour is noticeable in grout mixtures with AEA since the hardened grout 

structures are more brittle due to the introduction of air bubbles by means of AEA, which results in a 

significant decrease in compressive strength. 
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Figure 6.17 Effect of pozzolans on air content of fresh grouts 

 

Figure 6.18 Effect of pozzolans and SP on air content of fresh grouts 

 

Figure 6.19 Effect of pozzolans and AEA on air content of fresh grouts 
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observed in water vapour permeability for the different grout compositions. SF and FA (see Figure 

6.20 - mix 2 and 3) cause reduction of water vapour permeability as a consequence of their 

contribution to lime hydration and, consequently, to the formation of hydration products, which in 

turn leads to changes in the grout structure at the hardened state, as previously mentioned.  

 

On the other hand, AEA (mix 7) causes a slight increase in permeability, which is expected since 

this admixture contributes to the dispersion of the mixture, leading to higher pores, despite the fact 

that the overall porosity remains unchanged. This effect is due to the tortuosity of the pore system. 

The tortuosity has nothing to do with the open porosity but entirely depends on the shape of pores 

and in an indirect way on the connections of the pore system (Hall and Hoff 2002). This means that 

for the same open porosity, we can have a very complex network of pores with very narrow throats 

and greater length of the path described by the pore space, which hinder the water vapour transport. 

In the opposite situation, such as with a very regular pore structure (low tortuosity) it facilitates 

passage of water vapour through the pore system, which provides grout with higher water vapour 

permeability. So, it can be noted that open porosity has little influence on water vapour permeability, 

since the same porosity provides different values of water vapour permeability. 

 

Figure 6.20 Effect of pozzolans on water vapour permeability of grout 

 

 
 

Figure 6.21 Effect of pozzolans and SP on water vapour permeability of grout 
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Figure 6.22 Effect of pozzolans and AEA on water vapour permeability of grout 

 

6.4. Conclusions 

 

From the results presented, the following conclusions can be drawn on the influence of different 
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consolidation point of view: (i) Silica fume has a harmful effect on grout rheological behaviour, 

causing an increase of yield value and plastic viscosity. However, the replacement of hydraulic lime 

by silica fume (mix 2) was found to be useful for the improvement of grout compressive strength. 

(ii) The hydraulic lime replacement by fly ash results in a slight decrease in yield stress. 

Nevertheless, the presence of fly ash leads to a decrease in grout compressive strength. (iii) None of 

the admixtures or pozzolans analysed produced a variation in grout open porosity. However, a slight 

increase in water vapour permeability in the presence of superplasticiser and air entraining agent 

was observed. (iv) The results indicate that superplasticiser is the admixture that most contributes to 

a better grout performance, from the rheological, stability and water retention point of view. (v) 

Superplasticiser addition was found to be useful for the increment of grout compressive strength. 

(vi) The presence of silica fume together with superplasticiser allows a significant improvement in 

the grout stability, as shown by mix 5. (vii) The grouts with fly ash and superplasticiser show the 

best rheological behaviour i.e. the lowest yield stress and plastic viscosity. (viii) Air entraining agent 

is by far the worst admixture, since it leads to the worst grout performance, even when compared 

with the plain hydraulic lime grout. 

 

It is clear that, from a comprehensive point of view considering fresh and hardened-state results, 

products like superplasticiser are inevitable when designing a grout for injection purposes and its 

presence seems to be particularly required when other powder admixtures are used, such as silica 

fume.
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Chapter 7. COMBINED EFFECT OF SUPERPLASTICIZER 

AND SILICA FUME IN THE PROPERTIES OF GROUTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter aims to study the effect of grout composition on the properties of grouts, such as its 

workability, wettability, stability and mechanical strength. The different grouts are analysed in order 

to obtain a grout composition which leads to the best fresh and hardened performance. 

7 

 





Chapter 7. 

 Combined effect of superplasticizer and silica fume in the properties of grout 

 

 
________________________________________________________________________________________________ 

117

7.1. Introduction 

 

A suitable grout composition together with the flow capacity and the ability to fill the voids will 

allow a successful consolidation quality and ensure the continuity of the old masonry. The previous 

chapter dealt with the effect of different pozzolans and admixtures on the properties of the fresh and 

hardened grout. However, a more comprehensive study on grout formulation is needed to optimize 

the grout performance. 

 

According to the results previously obtained, the use of silica fume proved to be useful in enhancing 

stability and allowing better water retention. As already mentioned these finer particles are the 

source of additional surface area resulting in an increase of colloidal interactions and thus requiring 

the presence of a dispersant admixture to minimize this problem. The effect of each constituent is 

now becoming known; however, more detailed study should be conducted in order to get detailed 

and correct information on grout formulation. Recently, other studies (Bras et al. 2010; Bras and 

Henriques 2009) have focused on the effect of water/binder content, fly ashes, among other on the 

properties of hydraulic lime grouts. However, none of this studies have analysed the combined effect 

of superplasticizer and silica fume upon hydraulic lime grouts behaviour. It is clear, that a better 

understanding of how different dosages of silica fume and superplasticizer govern both fresh and 

hardened state properties of natural hydraulic lime-based grouts is necessary. Hence, in this chapter 

the effect of different grout compositions is conducted giving the main focus to its fresh properties, 

namely workability, wettability and stability. In addition the hardened-state strength is also 

analysed. 

 

7.2. Experimental details 

7.2.1 Mixing procedures 

The mixture procedure adopted was the one described in chapter 6.2.2. 

7.2.2. Wettability measurement 

One of the main constraints for this kind of materials is the loss of water; thus the grout wettability 

was studied since it is directly related with the grout water retention capability and it can also be 

seen as an indicator of its fluidity, because high water loss is a drawback in grout flow capacity. The 
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effect of the superplasticizer and the silica fume dosage on the wettability of hydraulic lime grouts 

was studied. The grout wettability was characterized by contact angle measurements, which quantify 

the wettability of a solid surface by a liquid. The contact angles were determined using a sessile drop 

apparatus (Goniometer KSV instruments - Figure 7.1). In this study the measurements were carried 

out under a glass surface which is a polar surface as the most of masonry materials (Torraca 1988). 

 

 

Contact angle measurements were carried out as follows: the glass surface was first cleaned with 

acetone and placed in a horizontal position in the sessile drop apparatus. A droplet of grout was 

carefully dispensed onto the glass and an image of the droplet making contact with the glass surface 

was captured by a video camera (Figure 7.2). The image was subsequently processed with software 

(by KSV instruments) to determine the contact angle. All measurements were made at room 

temperature of 20±2ºC. 

 

 

Figure 7.2 Contact angle (θ) measurement of a grout drop onto the glass surface captured by a video camera 

 

High contact angles (θ) indicate grouts with low affinity for the polar surface (poor wetting). This 

means that a high contact angle is desired to get a grout with lower wettability, and therefore with a 

lower water loss during flowing, since high water losses may cause obstruction of the injection 

  

Figure 7.1 Goniometer apparatus 
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channel blocking further injection. These effects lead to the occurrence of zones (inside the porous 

media) with differential binder concentration that, in the worst scenario, lead to grout flowing away 

and leaving empty spaces without any binder, as shown by Jorne et al (2012) who studied the 

injection of NHL grout in reduced porous medium models that simulate the masonry inner core. 

 

7.2.3. Marsh cone test 

Grout workability can be characterized by the Marsh cone test (Figure 7.3), according to ASTM 

C939-02. Based on this standard the measurement of flow time is connected to the grout fluidity, 

meaning that the longer the flow time, the lower is the grout fluidity. This test enables a grout design 

regarding several factors, like superplasticizer dosage for instance, since it gives an idea of the 

maximum dosage of each grout component in order to obtain a favourable behaviour that permits its 

injection at low pressure. Thus, the Marsh cone test was used to optimise the amount of 

superplasticizer used and silica fume replacement dosage. A volume of 1,000 ml of grout was placed 

into the cone and the flow time (expressed in seconds) required for 800 ml of grout to flow out was 

measured. The environmental conditions of the laboratory were characterized by 60±5ºC relative 

humidity and a temperature of 20±2ºC. The Marsh cone test was made for different resting time 

values: 5, 15 and 25 minutes after grout preparation. 

 

 

 

 

                 

(a)                                                            (b) 

Figure 7.3 Illustration of (a) marsh cone dimensions and (b) marsh cone apparatus 
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7.2.4. Compressive strength 

In order to determine the mechanical characteristics of the formulated grouts, the compressive 

strength was evaluated according with the procedure described in chapter 6.2.7. 

 

7.2.5. Stability 

Grout stability was analysed in accordance with the procedure described in chapter 5.4.3. 

 

 

 

7.3. Results and discussion 

7.3.1. Wettability measurement 

Grouts with different superplasticizer dosage (0, 0.6, 0.8 and 1.2wt%) as well as different hydraulic 

lime replacement dosage by silica fume (0, 2, 6 and 10wt%) were prepared to analyse their effect on 

grout wettability (contact angle). Figure 7.4 presents the relationship between the superplasticizer 

dosage and contact angle, at a constant water/binder ratio of 0.50. The results show that contact 

angle decreases with increasing of superplasticizer dosage, which means an increasing in grout 

wettability. A grout with lower wettability is better from an injection point of view, since less 

amount of water will be lost to the support (porous medium) over which the grout flows. It is well 

known that grout wettability is mainly controlled by electrostatic affinity (chemical polarity) 

between grout and surface. Thus, based on these results it is clear that superplasticizer is a polar 

substance that contributes to increasing of grout polarity i.e. grout has high affinity for the glass 

surface (low contact angle). The author believes that this behaviour is explained by the 

superplasticizer constitution and its dispersion action. The superplasticizer is in form of sodium salts 

(COONa) which undergo dissociation in water; thus the superplasticizer will present a negative 

charge along its carboxylic main chain (COO
-
). It is believed that the adsorption of this kind of 

polymer on binder particles occurs through the carboxylic acid group (Ran et al. 2010). This 

adsorption will be responsible for the electrosteric repulsion that avoids the formation of 

agglomerates. 
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Figure 7.4 Influence of superplasticizer dosage on contact angle of NHL5 grout with w/b=0.50 

 

The influence of silica fume dosage on the grout contact angle is presented in Figure 7.5; it can be 

observed a significantly decrease of contact angle between grouts with and without replacement of 

lime by silica fume. However, no noticeable change was observed in contact angles with increasing 

of silica fume replacement dosage. These results can be explained based on the experimental results 

of Kadri et al (2009) who found that silica fume particles adsorbs relatively low amounts of 

superplasticizer when compared with adsorption on the binder particles. This means that lime 

replacement by silica fume results in increasing the effective amount of superplasticizer available. 

Therefore, superplasticizer is a polar substance (as shown by results present in Figure 7.4) which 

causes a slight decrease of contact angles with the incorporation of silica fume. It should be noted, 

however, that a higher amount of the available superplasticizer does not necessary means an 

improvement on grout fluidity, since it is believed that the increase of surface area caused by the 

incorporation of silica fume has the greater preponderance on fresh grout behaviour (Laskar and 

Talukdar 2008). A hydraulic lime based grout is a colloidal suspension since most particles in the 

suspension are of colloidal size (Taylor 1990) whose rheology is dominated by volume fraction and 

colloidal interactions between particles. This means that colloidal forces will dominate the rheology 

of the grout despite the fact that a higher amount of superplasticizer is available as result of its less 

adsorption by silica fume particles. 

 

Figure 7.5 Influence of silica fume dosage on contact angle of NHL5 grout with w/b=0.50 and SP=0.8% 
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7.3.2 Marsh cone test 

The Marsh cone test was used to study the loss of fluidity of different grouts with time as 

recommended by Aïtcin (1998). This test gives the fluidity in terms of the time needed for a grout 

sample to flow thought the cone, which is proportional to the fluidity of the grout (inversely 

proportional to viscosity). The optimisation of hydraulic lime grouts fluidity with superplasticizer 

and silica fume was performed. The Marsh cone test is a simple test which can be used to achieve 

the saturation point or optimum dosage of superplasticizer that corresponds to the dosage beyond 

which any addition of superplasticizer does not change the flow time. The results are present in 

Figure 7.6 and 7.7.  

 
      (a) 

  
       (b) 

 
     (c) 

Figure 7.6 Flow time for 5, 15 and 25 minutes after grout preparation for different superplasticizer dosage and 

water/binder ratio tested: (a) w/b=0.55, (b) w/b=0.50 and (c) w/b=0.45 
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Superplasticizer dosages of 0.6%, 0.8%, 1% and 1.2 % by mass of binder were tested. For a grout 

with 0.6% of superplasticizer the flow time at 25 minutes is too high. Flow time is reduced with the 

increase of water/binder ratio; however simple addition of water to make a grout more fluid is an 

inappropriate option because the higher water/binder ratio will weaken the grout in the hardened 

state and it will increase shrinkage and the free water amount that also contributes to instability 

phenomena (Banfill 2011). It can be observed in Figure 7.6 that there is a trend in the flow curves 

with the increase of superplasticizer dosage. As expected the flow times decrease with an increase in 

the superplasticizer dosage until the saturation point (SP=0.8%) and afterwards it remains 

unchanged.  

 

The saturation point appears to correspond to the maximum degree of dispersion of the grout 

particles, above which there will be no improvement in fluidity. According to some authors (Banfill 

2011) a higher superplasticizer concentraction will lead to reverse effect. This phenomenon is called 

depletion attraction, which is caused by an excessive concentration of superplasticizer in the liquid 

phase that will be the source of an osmotic pressure over the binder particles forcing the particles to 

flocculate and causing negative effects, such as stability problems (segregation and bleeding). Based 

on the desire to achieve a low apparent viscosity value, it was decided to use a superplasticizer 

dosage of 0.8% by mass of binder and to apply the same dosage to all grouts for reasons of 

uniformity and preparation simplicity. In order to reduce the grout plastic viscosity, the dosage of 

silica fume was also tested, also using the Marsh cone. Flow time was measured for different resting 

time values: 5 min, 15 min and 25 min. In Figure 7.7 it is presented the flow time results for 

different silica fume dosages analysed. 
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       (b) 

 
        (c) 

Figure 7.7 Flow time for 5, 15 and 25 minutes of resting time, after grout preparation, for different silica fume dosages 

and w/b ratios analysed: (a) w/b=0.55, (b) w/b=0.50 and (c) w/b=0.45. A constant superplasticizer dosage of 0.8wt% 

was used 

 

As illustrated in Figure 7.7, an increase of silica fume dosage leads to an increase of grout flow time. 

It is known that silica fume presents a tendency to agglomerate and increase the water demand, 

especially when higher dosages are used. Since silica fume is much finer than hydraulic line 

particles, the amount of superplasticizer available per surface area decreases, resulting in a more 

viscous grout. In addition, these small-sized silica fume particles reduce the average distance 

between lime particles, which in turn promotes their flocculation and consequently it results in a 

grout with inferior injectability, making its injection at low pressure rather difficult.  

 

However, for silica fume dosage up to 2wt%, the grout flow time tends not to increase. This is 

evident in the grout samples with low water/binder ratios and high resting time (Figure 7.7b and 

7.7c). Another aspect that is illustrated in Figure 7.7a is that the flow time for water/binder ratio of 

0.55 has a smaller variation between the different resting times than the other water/binder ratios 

analysed. This behaviour can be attributed to an excess of water dosage, which contributes to 

5 

10 

15 

20 

25 

0 2 4 6 8 10 

F
lo

w
 t

im
e 

(s
) 

Silica fume dosage (wt%) 

w/b=0.50 
5 min 
15 min 
25 min 

10 

15 

20 

25 

30 

0 2 4 6 8 10 

F
lo

w
 t

im
e 

(s
) 

Silica fume dosage (wt%) 

w/b=0.45 

5 min 

15 min 

25 min 



Chapter 7. 

 Combined effect of superplasticizer and silica fume in the properties of grout 

 

 
________________________________________________________________________________________________ 

125

instability phenomena that may be occurring during the Marsh cone test. Instability phenomena such 

as dynamic and static segregation can occur (this will be further discussed in section 7.3.4). As can 

be seen in Figure 7.7a, the flow time is almost constant over the range of silica fume dosages 

employed; this is caused by the phase separation effect, since it was observed that lime and silica 

fume tend to stay adhered to the cup walls while only the liquid phase flows through the Marsh 

cone, which leads to an almost Newtonian behaviour (constant viscosity). 

 

7.3.3. Compressive strength 

The grout mechanical strength, mainly the compressive strength, is of great importance since the 

behaviour of hardened grout has a determinant effect on the mechanical properties of the grouted 

masonry. In order to check the influence of superplasticizer and silica fume, a testing campaign was 

undertaken and all samples were submitted to compressive strength tests following standard EN 

196-1. The variations on compressive strength of grouts at the maturity age of 28 days with different 

superplasticizer and silica fume dosages are shown in Figure 7.8 and 7.9. 

 
Figure 7.8 Influence of silica fume dosage on grout compressive strength results at 28 days, with constant 

superplasticizer dosage of 0.8 

 

 

Figure 7.9. Influence of superplasticizer dosage on grout compressive strength results at 28 days, without silica fume. 
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Based on the results obtained, it is possible to detect that the optimum superplasticizer dosage, from 

a mechanical strength point of view, corresponds also to the best fresh grout behaviour (i.e. 

SP=0.8wt%). Thus, it can be stated that superplasticizer addition was found to be useful for the 

increment of grout compressive strength; however, a slight downward trend in the strength values 

between 0.8 and 1.2wt% for the water/binder ratio of 0.50 has been observed. For the other 

water/binder ratios the compressive strength tends to remain almost constant for superplasticizer 

dosages above 0.8wt%. It was found by Demir and Baspinar (2008) that the superplasticizer does 

not react by a chemical action on hydrated products; it affects the microstructure of the grout by 

changing  the morphology and size of lime hydration products. This means that an optimisation of 

the superplasticizer dosage during the grout design leads to a robust grout microstructure that 

influences positively the hardened properties. The examination of the microstructure on a grout 

fractured surface at the maturity age of 7 days through scanning electron microscopy (SEM) shows 

that instead of larger and well-defined crystals, smaller crystals are formed (see Figure 7.10).  

 

 

 

However, an interesting aspect can be noticed in Figure 7.8, which is the fact that the highest 

compressive strength values were obtained for the water/binder ratio of 0.50. This result is 

somewhat unexpected, because other studies have shown that compressive strength is inversely 

proportional to the increase in water/binder ratio. Notwithstanding, the higher compressive strength 

obtained for the water/binder ratio of 0.50 was attributed to the coupled effect of a suitable 

water/binder ratio of 0.50 (which presents a proper amount of water that does not lead to instability 

phenomena) together with the optimum superplasticizer dosage of 0.8wt%, suggesting that the 

judicious balance between these two competitive design parameters (water/binder ratio versus 

   

(a)                                                                              (b) 

Figure 7.10 SEM image of 7 days hardened grout at 5000x: a) with superplasticizer and b) without superplasticizer 
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superplasticizer dosage) leads to better wettability of the binder particles which in turn causes higher 

degree of hydration (Banfill 2011; Chen and Wu 2013; Mirza et al. 2013). It can be argued that on 

one hand, at low water/binder ratio (0.45) the water available is not enough to ensure a plenty lime 

hydration (besides the dispersion action promoted by the superplasticizer), and on the other hand, 

too much water (water/binder ratio of 0.55) causes a weak porous structure (Lanas et al. 2004) and 

therefore a lower compressive strength. 

 

Concerning the influence of silica fume on compressive strength at maturity age of 28 days (Figure 

7.9), it can be detected a major difference between grouts without silica fume and the one with 

2wt% of lime replacement. This behaviour results from the fact that silica fume leads to pozzolanic 

reactions, by means of reaction with Ca(OH)2, resulting in the formation of additional C-S-H 

structures (Shihada and Arafa 2010). Nevertheless, for silica fume dosages higher than 2wt% there 

is a slight increase in mechanical strength with the maximum strength value reached at 10wt%. 

However, it should be mentioned that from 2wt% onwards while the strength increases a loss of 

workability occurs, as previously demonstrated. Given the aforementioned facts, it can be 

established that silica fume replacement up to 2wt% can be considered acceptable from the 

rheological and hardened strength performance point of view. 

 

7.3.4. Stability 

Stability is the ability of a grout mixture to retain a uniform distribution of particles during the 

injection process and once all injection and placement operations have been completed. Instability 

phenomena such as dynamic and static segregation can occur; the dynamic segregation is related 

with lower homogeneity during injection when binder particles tend to settle down causing a 

stratified flow and therefore will slow down the flow, whereas the static segregation is related with 

bleeding that occurs after the grout is in-place. Such instabilities could jeopardise the injectability of 

a grout and consequently they may severely affect the quality of the grouted structure: lack of filling 

of the voids, heterogeneous adherence and low strength characteristics (Tassios and Miltiadou-

Fezans 2013). 

 

In this section the effects of superplasticizer and silica fume dosage on static stability were analysed. 

In order to access the stability of the grout mixture the percentage of initial grout density at 30 

minutes after the mixing process had ended was determined. In Figure 7.11 and 7.12 the effect of 
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superplasticizer and silica fume dosage is presented. It can be observed from Figure 7.11 that 

instability of grout remains almost unchanged until a silica fume dosage of 6 wt%. Zebovitz et al. 

(1989) have shown that the stability is improved when the specific surface increases. It must be 

noted, however, that instability of grout increases for silica fume dosage higher than 6 wt%. This 

occurs because silica fume particle size is substantially smaller than the hydraulic lime particle size, 

resulting in a suspension with dominant internal friction between closely-packed particles, which 

cause a reduction on grout stability probably due to the aggregated particles that tend to sink by 

gravity. On the contrary, from Figure 7.12 it can be noted that the increase of superplasticizer 

dosage improves the grout stability. Since the dispersive action of superplasticizer opposes 

sedimentation, the sedimentation process occurs more slowly and the particles settle more 

homogeneously. 

 

 

Figure 7.11 Effect of silica fume dosage on stability of NHL grouts with SP= 0.8% and w/b = 0.50 

 

 

 

Figure 7.12 Effect of suplerplasticizer dosage on stability of NHL grouts with w/b = 0.50 
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7.4. Conclusions 

 

Considering the above results, it can be stated that superplasticizer contributes to increasing of grout 

polarity, this behaviour being justified by the fact that superplasticizer has negative charge along its 

carboxylic main chain (Ran et al. 2010). This means that the grout contact angle decreases (i.e. 

higher wettability) with increasing of superplasticizer dosage. In terms of flow time, it decrease with 

an increase of the superplasticizer dosage until the saturation point (SP=0.8wt%). The saturation 

point is practically unaffected by the water/binder ratio, which means that the relationship between 

superplasticizer adsorption and fluidity of grout is related with characteritics of binder (such as 

specific surface of the binder particles and content of C3A  rather than the water amount) - to see 

research on this issue see (Gołaszewski 2012). Demir and Baspinar (2008) found that the physical 

dispersion promoted by the superplasticizer affects the grout microstructure and the hydration 

products, resulting in better mechanical strength performance. Thus, on the basis of their results and 

those of the present study, it could be stated that the presence of superplasticizer is useful for 

compressive strength enhancement. Note, however, that this is only true for superplasticizer dosage 

up to 0.8wt%.  

 

In addition it was found that superplasticizer can improve the stability because it provides higher 

interstitial water retention. It should be noted, that for dosages above the superplasticizer saturation 

point (0.8wt%) a slight increase in grout instability was detected, which is caused by an excessive 

amount of superplasticizer present in the mixture that is not being used and therefore causes the 

depletion attraction, as aforementioned. Comparing the compressive strengh results as function of 

superplasticizer dosage and water/binder ratio, it can be stated that the proper balance between two 

competitive design parameters, such as water/binder ratio versus superplasticizer dosage, leads to a 

plenty hydration of lime particles which in turn has a significant influence on the compressive 

strength enhancement and on the fresh grout stability.  

 

As far as the replacement of lime by silica fume is concerned, a decrease on contact angle (i.e 

increase in grout wettability) is observed which is particularly evident comparing the reference grout 

and the one with 2wt% of silica fume. According to Kadri et al (2009) silica fume particles adsorbs 

relatively low amounts of superplasticizer when compared with adsorption that occurs on the binder 

particles, which leads to a higher amount of superplasticizer available and, consequently, increasing 

the grout polarity. Additionally, the flow time is substantial affected in the presence silica fume 
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because it decreases the amount of free water available in the mixture. Moreover, the higher the 

amount of silica fume present on the grout, the more colloidal forces will influence the movement 

and thereby the stronger will be the coagulation process and a relatively quick settlement of the 

floccules occurs. 

 

Taking into account all these previous results and the fact that the goal was to improve the hydraulic 

lime-based grouts using partial replacement of lime by silica fume in the presence of 

superplasticizer, it was decided to choose the following grout composition: silica fume replacement 

dosage of 2wt% and superplasticizer dosage of 0.8wt%. At this point, concerning the fresh and 

hardened states, it was also decided to keep the water/binder ratio equal to 0.50, since this 

water/binder ratio allows plenty lime hydration and a proper rheological behaviour. It is clear, 

however, that additional characterization of the injection as function of the grout composition is 

necessary, due to the complex interactions that occurs between grout and porous media which is 

intended to be injected. Hence, the grout injection capacity in physical models should be analysed 

by studying the influence of grout compositions on the injectability of different porous materials 

simulating the masonry materials. The following steps were taken in order to identify the suitable 

temperature from a fresh and hardened grout behaviour point of view. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 8. EFFECT OF TEMPERATURE ON THE 

GROUT PERFORMANCE  

 

 

 

 

 

 

 

 

 

 

 

In the present chapter, the effect of temperature on the grout rheological properties is studied in 

order to better understand the flow behaviour of hydraulic lime grouts under different environmental 

temperatures. Additionally, injection tests in reduced models are made to analyse the injectability of 

the grout at different temperatures. Also, a study of the influence of environmental conditions on 

grout hydration is carried out by means of thermogravimetric analysis. 
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8.1. Introduction  

 

The efficiency of the consolidation depends on grout fluidity and injectability, which mainly 

depends on its rheological behaviour. Therefore, the rheological behaviour is affected by 

environmental temperature. So, a better understanding of the influence of environmental 

temperature on rheological properties and thixotropy is essential for improvements and analysis of 

the performance of grout. 

 

In the framework of rheology of cementitious suspensions, the time dependent behaviour is another 

important issue. This is so, because the rheological properties (plastic viscosity and yield stress) of 

cementitious suspensions depends not only on the applied shear stress, but also on the time for 

which the suspension has been submitted to a shearing stress (i.e. shear history), which leads to the 

hysteretic behaviour. Hydraulic lime-based grouts can be seen as thixotropic materials, since they 

show a shear-thinning and time dependent behaviour as stated in previous studies (Baltazar et al. 

2013; Bras 2011). During shearing of hydraulic lime grout, the weak interparticle bonds are broken 

by the mechanical stress and the network among them breaks down into separate agglomerates 

(structural breakdown). If the grout is at rest, the particles will start to flocculate into agglomerates 

again (structural build-up), leading to a loss of workability. Others studies (Mahaut et al. 2008; 

Roussel and Cussigh 2008) indicated that these structural changes are dominant and reversible but 

strongly depend on grout temperature. 

 

Grout injection can occur under different environmental conditions, which lead to different grout 

injection performance. For instance, an increase in the temperature or increasing the resting time 

may lead to more binder particles being connected and consequently a workability loss will occur, 

which will slow down the grout flow. Hence, temperature and resting time have their determinant 

role in the success and, therefore, on the quality of the grouting intervention. 

 

 

8.2. Experimental details 

 

In order to analyse the temperature and resting time effects on grout rheological properties, two 

different experimental protocols were adopted. In both cases a Bohlin Gemin HR
nano

 rotational 
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rheometer was used, equipped with a plate-plate geometry (with Ø = 40mm) and a gap of 2mm. In 

all measures a pre-shearing stage of 60s at shear rate of 1s
-1

 followed by 60s at rest was applied. It 

was found that this pre-shearing method is sufficient to create uniform conditions before the 

rheological measurements and consequently to allow a comparison of the results. 

 

8.2.1. Yield stress and plastic viscosity as function of environmental temperature 

The effect of different environmental temperatures (5 - 40ºC) on yield stress and plastic viscosity 

was studied using a fridge and a climatic chamber to maintain the materials (lime, silica fume, 

superplasticizer and water) as well as the mixing equipment at the target test temperatures. However, 

the mixing was made at room temperature for practical reasons. 

 

For determination of the temperature effect on yield stress and plastic viscosity the rheological 

protocol adopted was described in chapter 6.2.3. It should be mentioned that, for the lowest shear 

rates (below    = 25s
-1

), their increments were not linear, i.e. each shear rate has been applied long 

enough in order to ensure the attendance of the steady state, before measurements took place. All 

rheological measurements were performed at the desired temperature which was maintained by 

means of the rheometer temperature unit control and the plate-plate geometry was covered with a 

trap to avoid the water evaporation and to keep the environmental conditions constant during the 

experiment. The results were interpreted in the frame of rheology suspension knowledge; thus the 

Bingham model (eq. 6.1) was adopted to describe the grout rheological behaviour and to determine 

the plastic viscosity. In order to avoid an overestimation of the yield stress consequence of poor 

correlation between shear thinning part of flow curve and eq. 6.1 in this work the yield stress values 

were obtained from the correspondent shear stress value obtained at    = 0.5s
-1

. According to 

Fernàndez-Altable and Casanova (2006) this method of estimating yield stress minimises the error 

associated with the lack of sensitivity of rheological models at low shear rates and provides a 

physical basis for comparison of the behaviour of grouts studied in this work. 

8.2.2. Thixotropic behaviour as function of environmental temperature and resting time 

To study the coupled effect of temperature and resting time on  initial shear stress, rate of 

flocculation and equilibrium viscosity the following procedure developed by Bras et al (2013) was 

adopted: after the pre-shear, different resting times were applied to the grout sample: 30s, 60s, 200s 

and 600s. Then, a constant shear rate of 1s
-1

 was applied and rheological measurements were 
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performed every 20s during 400s. This procedure enables determining of the evolution of 

flocculation built at rest by measuring the initial shear stress (at    = 0.5s
-1

) and also the evolution of 

equilibrium viscosity as function of resting time and environmental temperature. 

 

Steady state shear data for cementitous materials can be well represented through two rheological 

parameters such as yield stress and plastic viscosity. However, both of these parameters are 

depending on the current state of flocculation (λ) of the grout sample (a high λ value means a higher 

thixotropic material). On the other hand, it is known that most rheological models do not take in 

account the thixotropic aspect of the materials. However, it can be found in literature some models 

considering the relation between λ and other rheological variables, such as shear rate, shear stress, 

viscosity and time (Cheng and Evans 1965). More recently Roussel (2006) proposed a simple 

thixotropic model - eq (8.1) - involving this parameter λ. According with the research developed by 

Roussel (2006) this model showed to be suitable to describe flows of self-levelling concrete: 

 

 τ      λ τ             (8.1) 

 

In the equation above   is the shear stress (Pa), λ is the state of flocculation,    is the yield stress 

(Pa),    is the shear rate, and k, n are two material parameters. According to Roussel (2006) if it is 

assumed that Bingham model is sufficient for the description of the steady state of fresh NHL grout 

(as previously mentioned): n=1 and k=  . Thus, the model above (eq 8.1) can be written as 

following: 

 

 τ      λ τ             (8.2) 

 

From the rheological measurements at the steady state the yield stress and plastic viscosity values 

can be determined. Then, knowing these rheological parameters for each grout sample (analysed for 

the different temperatures and resting times) the value of the λ can be determined through the eq 

(8.2). 

 

8.2.3. Injection capacity as function of environmental temperature 

To analyse the influence of temperature on grout injection capacity some injection tests were 

conducted. The injection tests were performed using scaled models of the type used in previous 
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publications (Jorne et al. 2012; Jorne and Henriques 2013), which simulate the inner core of a 

multiple leaf stone masonry wall. The scaled models allowed quantifying the grout penetrability at 

three different temperatures namely 5, 20 and 40ºC. Taking in to account that it is difficult to 

recreate and ensure the reproducibility of old masonry inner core, scaled models were created which 

are made of transparent Plexiglas cylinders - diameter 152 mm and height 300 mm - as in ASTM 

C943. The cylinders were filled with a porous medium consisting of a mix of fine and coarser sand, 

which characteristics reproduce the inner core of a masonry wall (Figure 8.1). The choice of sand 

was dictated by its characteristics, such as water absorption capacity, similar to real masonry. All the 

sands were washed out, dried and sieved to obtain the grain size distribution 0.15-9.5mm that 

simulate the permeability of old stone masonry inner core (Jorne and Henriques 2013). The scaled 

models were injected in a unidirectional way from bottom to top (see Figure 8.2 and 8.3) based on 

the procedure developed in Jorne et al. (2012). To maintain the targeted temperature of the fresh 

grouts, the porous medium and all raw materials were pre-stored at the targeted test temperature 

before injection. To quantify the grout injectability the following expression (eq 8.3) proposed by 

Jorne and Henriques (2013) was considered: 

 

  

 
 

  
 

 

Where I is the grout injectability (-), m is the injected grout mass (kg), ρ the density of grout (Kg/m
3
) 

and    is the voids volume of porous medium (m
3
). The amount of voids volume was calculated by 

saturation of water before injection. 

 

 

Figure 8.1 Plexiglas cylinder filled with porous medium before grout injection 

 

(8.3) 
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Figure 8.2 Plexiglas cylinder being injected with half height already filled with grout 

 

 

 

In order to determine the best injection pressure a preliminary campaign using a pressure cell – 

Bohlin HPC300 – attached to the rotational rheometer (Figure 8.4) was performed. The effect of 

pressure on grout rheological properties was studied, and the injection pressure that is less harmful 

on grout rheological performance was determined. The influence of three relative pressures: 0.5, 1.0 

and 1.5bar on yield stress and plastic viscosity was studied. Additionally a grout without pressure 

(i.e. analysed at atmospheric pressure) was used as reference sample. The measurement procedure 

was as follows: a pre-shearing stage of 60s at shear rate of 1s
-1

 followed by 60s at rest was applied. 

Then an increase of shear rate which ramped up from 20 to 140s
-1

.  

 

 

Figure 8.3 Set-up used for injection tests 
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8.2.4. Thermogravimetry 

Thermogravimetry (TG) and derivative thermogravimetry (DTG) were used as tools to evaluate the 

effect of temperature over the hydration kinetic. TG analyses were performed using a NETZSCH 

449 F3 Jupiter thermogravimetric analyser (Figure 8.5). The experimental conditions were: N2 gas 

dynamic atmosphere (40 ml/min); heating rate (40°C/min) and an alumina top-opened crucible 

(Figure 8.6). The samples were heated in the range of 40 to 1200°C at a constant rate. The calcium 

hydroxide (Ca(OH)2) and calcium carbonate (CaCO3) were estimated from the mass loss measured 

in the TG curve between the initial and final temperature of the corresponding DTG peak. The TG 

test was conducted at the maturity age of 7, 14 and 28 days. Each sample was maintained in a 

controlled atmosphere at desired temperature of (5, 20 and 40ºC)±2ºC and relative humidity of (50, 

60 and 20%)±5%, respectively. A 1 g sample was used in all tests performed. 

 
Figure 8.5 Thermogravimetric analyzer equipment 

           

Figure 8.4 Rheometer equipped with the pressure cell 
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Figure 8.6 Alumina crucible 

 

 

8.3. Results and discussion 

8.3.1. Effect of environmental temperature and resting time on grout rheology 

As previously mentioned, the temperature affects the kinetic hydration which determines the 

variation in grout rheological behaviour over time. In order to study the fresh behaviour that NHL-

based grout presents under different environmental temperatures, its rheological parameters (such as 

yield stress and plastic viscosity) were calculated for a wide range of temperatures (from 5 to 40ºC). 

Then, the coupled effects of various resting times and environmental temperatures on the initial 

shear stress, equilibrium viscosity, flocculation rate and state of flocculation (λ) were analysed. 

 

 

8.3.2. Yield stress and plastic viscosity as function of environmental temperature 

For the steady state analysis the Bingham model (eq. 6.1) was chosen for plastic viscosity 

determination, since the yield stress values were obtained from the correspondent shear stress values 

for a small shear rate i.e.   =0.5s
-1

. The values of yield stress and plastic viscosity for different grout 

temperatures are presented in Figure 8.7. 
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Figure 8.7 Yield stress and plastic viscosity values of hydraulic lime-based grout with SF=2% + SP=0.8% and w/b=0.50 

 

 

From the results illustrated in Figure 8.7, it is clear that the rheological behaviour of NHL grout is a 

strong function of temperature. Yield stress is slight influenced by temperature between 5 and 20ºC 

and tends to a higher value with temperature increase. Plastic viscosity decreases between 5 and 

20ºC but shows an incremental increase between 20 and 40ºC, which means a significant 

workability loss. The decrease of plastic viscosity with the increase of temperature from 5 to 20ºC 

can be attributed to an increase in the Brownian motion of the particles, which partially weakens the 

interactions between agglomerates and keeps the particles away from each other. Nevertheless, the 

increase of temperature (above 20ºC) leads to the increase in the interaction forces between particles 

causing a flocculated microstructure and consequently a loss of workability. According to the PFI-

theory (Wallevik 2009b) with the evolution of hydration reactions most binder particles start to be 

permanently connected between each other and therefore the grout cannot flow, not even with the 

effort of re-agitation (physical bonds among particles are not reversible), which leads to workability 

loss. Thus, based on achieved results it can be stated that (from a steady state point of view) the 

environmental temperature of 20ºC leads to the best grout rheological behaviour. Similar trends 

were reported by Bras et al (2010), who also obtained a better rheological performance for fresh 

hydraulic lime grout temperature of 20ºC, although not considering the use of superplasticizers. 
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8.3.3. Thixotropic behaviour as function of environmental temperature and resting time 

Grouts were sheared at a constant shear rate of 1s
-1

 after different resting times. It should be 

mentioned that a new grout sample was prepared for each measurement in order to prevent any 

irreversible evolution of the material from affecting the results. 

 

The initial shear stress, which was obtained at the beginning of the shearing, is plotted in Figure 8.8 

as a function of resting time and environmental temperature. From a practical point of view the 

initial shear stress can be representative of the intensity of interactions between agglomerates in 

grout suspensions before shearing takes place (i.e. solid-like particle structure). Moreover, the rate 

of increase of the initial shear stress (also called flocculation rate) can be used in thixotropic 

evaluation and it is a sensitive measure of the forces acting between particles, namely electrostatic 

forces and van der Waals attractive forces (Van Olphen 1963). According to Bras et al (2010) 

flocculation rate can be obtained approximately through the slope of the functions represented in 

Figure 8.8. Based on achieved results (see Figure 8.8) it is clear that the initial shear stress rate 

increases linearly with resting time regardless of the environmental temperature. However, the 

increase of initial shear stress at high temperatures is more pronounced and it causes a faster 

evolution of hydration reactions and therefore a quicker flocculation (rapid change in the grout 

microstructure). It has to be noted that grouts maintained at 20ºC show the lowest flocculation rate 

i.e. flocculation rate of 0.0023 Pa/s. These observations are in agreement with the finding of 

previous section 8.3.2, since the temperature of 20ºC, which leads to the better grout fluidity (i.e. 

low yield stress and plastic viscosity) is the same that allows the lower flocculation rate. 

 

Figure 8.8 Initial shear stress obtained at a very low shear rate for NHL based grout with SF=2% + SP=0.8% and 

w/b=0.50 at different resting time an environmental temperatures. The straight line is the linear fit to the experimental 

results 
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According to Roussel (2006) in cementitious suspensions the most de-flocculated state is reached 

during the mixing process and thereafter a completely de-flocculated state can not be reached. Thus, 

the grout flocculation rate as function of the resting time is particularly important during a grouting 

intervention, since the grout injection inside masonry inner core is a challenging matter for many 

reasons, such as high water absorbent medium, presence of discontinuities with different volume 

and width, among others. Therefore, the flow tends to stop enabling an increase of the particle 

flocculation phenomenon; this means that a lower flocculation rate is desired. Note, however, that 

the values of the flocculation rate have a lower order of magnitude than other values mentioned in 

the literature for thixotropic concretes (Nicolas Roussel 2006). Notwithstanding, the author believes 

that these values should not be directly comparable with other cementitious mixes, since the 

thixotropic behaviour of a suspension is directly related with the characteristics of the binder (e.g. 

binder fineness), solid volume fraction in the suspension, presence of admixtures and colloidal 

forces, which influence the flocculation process (Roussel et al. 2010; Wallevik 2009b). 

 

The equilibrium viscosity measured (at steady state) for different resting times and environmental 

temperatures is presented in Figure 8.9. Equilibrium viscosity tends to increase with the increase of 

resting time and its evolution is also temperature dependent. This means that the evolution of 

connections between the binder particles (agglomerates) associated with early hydration products is 

linear with the resting time and therefore the stress associated to the rupture of these connections 

also increases with resting time (as previously shown). Thus, based on achieved results (see Figure 

8.9) it can be stated that for the temperatures of 5ºC and 40ºC the resting time higher than 5 minutes 

(300s) leads to a significantly increase of equilibrium viscosity. Equilibrium viscosity seems to be 

less sensitive to resting time at the temperature of 20ºC. However, for environmental temperature of 

40ºC it can be noted that hydration reaction become dominant one for resting times higher than 2 

minutes (120s), which means that connections formed by hydration products are becoming to govern 

the fresh grout behaviour. Strictly speaking, the growth of hydration products form bridges between 

free lime particles which manage to interlock to each other and thus create a link between two or 

more lime particles. This hydration process starts as soon as lime and water are mixed together and 

therefore the equilibrium viscosity of the grout is permanently evolving as corroborated by the 

results obtained. 
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Figure 8.9 Evolution of equilibrium viscosity (at   =1s-1) of NHL based grout with SF=2% + SP=0.8% and w/b=0.50 at 

different resting time an environmental temperatures 

 

Knowing the values of plastic viscosity and yield stress (at steady state) of each grout sample at each 

environmental temperature and resting time, the state of flocculation at the beginning of shearing 

was determined through eq 8.2. The state of flocculation is another important issue, since the 

magnitude of shear stress and viscosity are depending on the current state of flocculation of the 

grout microstructure. At rest grout particles are flocculated due to mutual attraction forces exerted 

by a combination of van-der-Waal’s interactions and electrostatic attraction forces, and they stick 

together to form agglomerates. According to the results presented in Figure 8.10, the λ parameter 

increases with resting time for all temperatures studied and it seems that there is a near flocculate 

state between the temperatures of 5ºC and 20ºC. However, the temperature of 20ºC shows a lower 

flocculate state for resting times below 120s and above 300s. On the other hand, the temperature of 

40ºC leads to a higher flocculated state, as would be expected based on previous results. This means 

that the environmental temperature of 20ºC can be pointed out as optimum environmental 

temperature. 

 

Figure 8.10 State of flocculation (λ) of NHL based grout with SF=2% + SP=0.8% and w/b=0.50 at different resting time 

and environmental temperatures 
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These results show that thixotropy constitutes a critical parameter for the grout design as well as 

during its injection. The results demonstrates that care should be taken during the whole injection 

process, namely to avoid any stops during injection and to restrict the resting time between the 

mixing and the injection in order to prevent that flocculation compromise the application and 

efficiency of grouting intervention.  

 

8.3.4. Injection capacity as function of environmental temperature 

The purpose of the injection tests was to validate the conclusion drawn from the data obtained in the 

grout rheological behaviour at different temperatures. As long as grout injection pressure is 

concerned, several authors have stated that grout injection can be done with a pressure over a range 

of 0.2 to 1.0bar (Binda et al. 1997; Keersmaekers 2006). Accordingly, the injection pressure is 

crucial in grouting process because, on one hand, the injection pressure should be high enough so 

that high shear rates prevail inside the injection pipe and, consequently, a decrease in viscosity 

occurs, and on the other hand, it must not be too high (limited to a few bars) in order to avoid any 

structural damage caused by the internal pressure within the masonry. The results presented on 

Figure 8.11 clearly show the influence of pressure on the rheological properties. As expected, there 

is an increase of the yield stress as well as of the plastic viscosity with the increase of pressure. 

However, it is clear that the difference between the grout at pressure of 0.5bar and the one without 

pressure is actually negligible. The major difference in terms of rheologial parameters occurs for 

pressures higher than 0.5bar. So, taking into account the results obtained, and the fact that the 

injection pressure should be limited to a sufficient low pressure to avoid the masonry disruption, but 

as high as possible in terms of the injection itself (rheological performance), an injection pressure of 

0.5 bar was adopted to be used on the injection tests. 

 

Figure 8.11 Effect of pressure on yield stress and plastic viscosity of NHL based grout with SF=2% + SP=0.8% and 

w/b=0.50 

0,00 

0,05 

0,10 

0,15 

0,20 

0,25 

0,30 

0,35 

1 

10 

100 

0 0,5 1 1,5 

P
la

st
ic

 v
is

co
si

ty
 (

P
a.

s)
 

Y
ie

ld
 s

tr
es

s 
(P

a)
 

Pressure (bar) 

Yield stress Plastic viscosity 



                                                                                                                                             Chapter 8.  

Effect of temperature on the grout performance 

 

 
________________________________________________________________________________________________ 

145

 

The grout injectability as function of temperature is shown in Figure 8.12. As it can be seen from the 

results, the high injection capacity is achieved for the temperature of 20ºC. This behaviour confirms 

the results previously obtained, in which the temperature of 20ºC is the one that leads to better grout 

fluidity and therefore to a higher penetration in the porous medium. These results highlight the 

relation between the rheological performance of NHL-based grout and its behaviour inside the 

porous medium during the injection process. 

 

 
Figure 8.12 Grout injectability for NHL based grout with SF=2% + SP=0.8% and w/b=0.50 for different temperatures 

 

 

8.3.5. Thermogravimetry 

Considering that the formation of the basic microstructure of cementitious mixtures takes place 

between 7 and 28 days of maturity (Ramachandran and Beaudoin 2001), the thermogravimetric 

analysis has been performed on grouts at maturity age of 7, 14 and 28 days. All the samples were 

maintained at different and controlled environmental conditions until the age of the TG analysis. 

The DTG curves of grouts with silica fume content of 2wt%, superplasticizer dosage of 0.8wt% and 

water/binder ratio of 0.50 at temperature of 5, 20 and 40ºC, are presented in Figure 8.13, 8.14 and 

8.15, respectively. It can be observed that the DTG curves of all grout samples show three main 

mass loss (peaks): (i) the first mass loss, located between 100 and 200ºC, is the result of dehydration 

reactions of several hydrates (C-S-H, ettringite, etc.); (ii) the second major mass loss, observed at 

450–580ºC, corresponds to the dehydroxylation of Ca(OH)2; (iii) the third loss of mass appears at 

850–950ºC and corresponds to the decarbonation of CaCO3. 
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Figure 8.13 DTG curve of hydraulic lime-based grout with SF=2% + SP=0.8% and w/b=0.50. Grout sample was 

maintained at 5ºC until the age of 7, 14 and 28 days 

 
Figure 8.14 DTG curve of hydraulic lime-based grout with SF=2% + SP=0.8% and w/b=0.50. Grout sample was 

maintained at 20ºC until the age of 7, 14 and 28 days 

 

Figure 8.15 DTG curve of hydraulic lime-based grout with SF=2% + SP=0.8% and w/b=0.50. Grout sample was 

maintained at 40ºC until the age of 7, 14 and 28 days 
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Analysing the DTG curves it is clear that grouts mixed and cured at different environmental 

temperatures present different hydration kinetics between each other. The peak of the dehydration of 

the C-S-H decreases with the increase of the environmental temperature and tends to disappear with 

ageing, as expected. The first peak increases at low environmental temperatures suggesting a higher 

content of water, consequence of hydration reactions being delayed. The second peak around 500°C 

as result of the dehydroxylation of Ca(OH)2 shows an increase on mass loss (see Figure 8.13 and 

8.15), which is the opposite of what is expected. In fact, what would be expected from ageing should 

be a decrease of Ca(OH)2 content with the increase of decarbonation reaction (since CaCO3 comes 

from the reaction of Ca(OH)2 with CO2). However, according to Lanas et al. (2004) the C3S 

hydration at early periods contributes to the production of new Ca(OH)2 and, therefore, the amount 

of Ca(OH)2 increases. Moreover, the C3S hydration is practically finished from 28 days onwards 

(Aïtcin 1998); this means that around 28 days of maturity the amount of Ca(OH)2 begins to decrease 

as can be seen from the Figure 8.15 for the grout maintained at 20ºC. 

 

The evolution of the third mass loss shows that the decarbonation of CaCO3 increases significantly 

with the increase of environmental temperature, which can be explained by the curing conditions 

employed (40ºC) being favourable to its development. However, based on above results it is obvious 

that the environmental conditions of 20ºC and relative humidity of 60% allows a more complete 

hydration reaction (besides the fact that carbonation is reduced in the short-term). It is believed that 

due to low temperature and high relative humidity an increase in water available will occurs and an 

improvement of long-term strength and consequently a better bond condition of the masonry 

structural elements could be achieved, since the strength contribution from NHL carbonation is 

lower that hydraulic components (Lanas et al. 2004). Nevertheless, the hydration reactions as well as 

the products formed should be followed and complemented by simultaneous X-ray diffraction 

analysis (XDR) to reach a more detailed conclusion. 

 

 

8.4. Conclusions 

 

The evolution of yield stress and plastic viscosity values with increase of temperature (see Figure 

8.7) suggests that at low temperatures, 5ºC, the formation of ice crystals may occur (Kestin, 

Sokolov, and Wakeham 1978) leading to higher yield stress and plastic viscosity. However, with the 

increase of temperature both rheological parameters decrease as results of the thermal agitation; 
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nevertheless, for temperatures above 20ºC this thermal agitation is countered by two factors, such as 

faster reaction kinetics of the lime hydration and the increase in electrostatic forces of lime particles 

with temperatures (Hunter 2001). This is consistent with the findings of Lei and Struble (1997); 

these authors reported that interactions between binder agglomerates are governed by the hydrates 

growing on their surfaces, which are larger at higher temperatures. These interactions are attractive 

and stronger than the repulsion action stabilised by the superplasticizer. Thereby, it can be stated 

that the environmental temperature of 20ºC is the one that leads to the best grout rheological 

performance. This behaviour was confirmed through injection tests (see Figure 8.12) which proved 

that the temperature of 20ºC leads to better grout fluidity and therefore to a higher penetration in the 

porous medium. 

 

As far as grout thixotropy is concerned, several authors (Hunter 2001; Yamada et al. 2000) stated 

that two different factors are likely involved in the thixotropic behaviour: (i) temperature increase 

that leads to faster hydration reactions and higher flocculation state. Moreover, the growth of 

hydration products on the surface of the binder particles will cover the adsorbed layers of 

superplasticizer which results in a progressive loss of superplasticizer dispersion action. (ii) at lower 

temperatures (such as 5ºC) the grout temperature begins to approach to the water freezing point, 

which leads to formation of strong hydrogen bonds. Moreover, at the molecular level, temperature is 

related to the random motions of the particles (Brownian motion) as previously mentioned. This 

means that for lower temperatures, the molecular agitation decreases (grout particles are closer to 

each other), thus a less freedom state causes a higher flocculation (quicker microstructure build up). 

In addition, it is also possible that, at lower temperatures, a decrease in the intensity of the dispersion 

mechanism of superplasticizer molecules may occur, caused by changes in the spatial arrangement 

of the adsorbed superplasticizer (Fernàndez-Altable and Casanova 2006). Note, however, that high 

flocculation rate can be the solution to solve some problems after injection; for instance when grout 

is at rest inside the masonry, gravity may induce sedimentation of grout particles at rest. So, a high 

flocculation rate can be useful since it will increase the shear stress which can be sufficient to 

prevent the particles from settling (Roussel 2006); this aspect needs further research. 

 

Comparing the thermogravimetric results as a function of environmental temperature and ageing 

(see Figure 8.13, 8.14 and 8.15), it can be observed that high temperatures together with low relative 

humidity (20%) lead to a faster and more complete carbonation because the dry pores allow the CO2 

penetration in the grout matrix (Wallevik 2009b). These results corroborate the conclusions of other 



                                                                                                                                             Chapter 8.  

Effect of temperature on the grout performance 

 

 
________________________________________________________________________________________________ 

149

studies (Metha and Monteiro 2006; Neville 1995) which showed that dry environments provide an 

increase in carbonation reactions. Nevertheless, it should be noted that CaCO3 content at 28 days for 

the grout sample maintained at temperature of 20ºC is higher than the sample maintained at 40ºC; 

this means that besides the fact that high temperature promotes an increase of carbonation process, a 

less amount of water is available (due to high evaporation) and, consequently, it will limit the 

progress of the hydration reactions. Another possible explanation for this behaviour is based on the 

decrease of porosity. As pointed out by Lanas and Alvarez (2003) the NHL carbonation will 

increase the transformation of Ca(OH)2 into CaCO3, which causes porosity decrease (i.e. void 

reduction) because the new formed CaCO3 will gradually fill the pores. Thus the porosity reduction 

hinders the CO2 flow and therefore the carbonation process is mitigated (Moorehead 1986). 

 

The findings of this chapter suggest that temperature turns out to be critical and on the basis of these 

results temperature have significant implications in practice; it is actually one of the key-issues for 

grout design and during a grouting intervention. 

 



 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 9. MODELLING THE RHEOLOGICAL 

PROPERTIES OF GROUTS BASED ON SIMPLE FLOW 

TESTS 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter encompass the creation of models that allow the prediction of yield stress and plastic 

viscosity of grouts using experimental data coming from simple flow tests. 

9 
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9.1. Introduction 

 

The choice of grout composition depends on several factors, such as desired fluidity, stability and 

mechanical behaviour. Notwithstanding, during the design of injection grouts the characteristics of 

the old masonry wall that is intended to consolidate should also be taken into account. This means 

that the grout composition must also be formulated as function of the porous medium into which 

will be injected. So, in order to simplify the grout design process models to predict the grout 

rheological properties are proposed. At this stage it is needless to say that rheology is a useful tool in 

the design of injection grouts. Rheological measurements allow the evaluation of the effects of 

different grout composition on the fresh behaviour and a proper characterization through rheological 

models (Nehdi and Rahman 2004). Based on previous results it is accepted that fresh behaviour of 

natural hydraulic lime grouts can be represented using the Bingham model. Therefore, if the fresh 

grout is assimilated to a Bingham fluid two independent parameters are needed to describe the 

rheological behaviour, such as yield stress and plastic viscosity, as previously demonstrated. 

 

The traditional rheological tests, currently used to check the rheological behaviour of grouts (using 

rheometers or viscometers); are often time-consuming and give too many information when only the 

yield stress and plastic viscosity are needed (Roussel et al. 2005). The main objective of this chapter 

is to model the effect of water/binder ratio and dosage of superplasticizer on the rheological 

properties of natural hydraulic lime grouts using simple tests easy to use at construction sites, such 

as Marsh cone and spread test using a mini-slump test. The established models allow estimating the 

rheological properties, meaning that these models are able to calculate a physical parameter (e.g. 

viscosity) instead of an empirical one (e.g. fluidity). The proposed models are very useful to smooth 

the grout design methodology, since the rheological properties of the grout can be predicted just by 

performing simple flow tests traditionally used on field. 

 

9.2. Methodology 

 

The influence and significance of each grout design variable on its rheological behaviour was 

identified in a previous work using the design of experiments method (DOE) together with analysis 

of variance (ANOVA) (Baltazar et al. 2013). Based on these previously results, the water/binder 

ratio and dosage of superplasticizer were pointed out as the most significant grout components. 
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These grout components together with the outputs from simple flow tests (Marsh cone and mini-

cone test) were used to formulate the mathematical models for prediction of the rheological 

properties that best characterize the fresh grout performance. The proposed models have a valid 

domain for grouts made with 100% of NHL, w/b content of 0.45 – 0.55 and superplasticizer dosage 

of 0.6 – 1.2%, by mass of lime. A full factorial experiment design was used to perform all the tests, 

meaning that the number of mixtures for the experiments was nine as showed in Table 9.1. 

 

Table 9.1 Values of grout design variables 

Grout mix no. water/binder Superplasticizer (wt%) 

1 0.45 0.6 

2 0.45 0.8 

3 0.45 1.2 

4 0.50 0.6 

5 0.50 0.8 

6 0.50 1.2 

7 0.55 0.6 

8 0.55 0.8 

9 0.55 1.2 

 

9.3. Experimental procedures 

Three experimental procedures were performed simultaneously: (i) rheological measurements using 

a rheometer to evaluate the grouts rheological properties, (ii) Marsh cone test to evaluate the flow 

time and (iii) mini-slump test to estimate the spread diameter. For each grout mix, three samples 

were collected to be used on the rheological measurements, marsh cone test and mini-slump test. All 

these experimental tests were performed 5 minutes after the end of mixing process. The 

environmental conditions of the laboratory were characterized by 60±5% relative humidity and a 

temperature of 20±2ºC. Then, the correlation between the rheological properties and the results 

obtained from both Marsh cone and mini-slump tests were established. 
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9.3.1. Rheological measurements 

The rheological measurements were performed using a Bohlin Gemin HR
nano

 rotational rheometer, 

equipped with a plate-plate geometry. In all measurements the rheological protocol used was 

described in detail previously (see chapter 8.1.2)  

9.3.2. Marsh cone test 

The Marsh cone test was performed according with the procedure described in chapter 7.2.3.  

9.3.3. Mini-slump test 

The mini-slump test is other common approach to quantify the fluidity of cementitious mixtures. 

This measurement technique is used extensively for evaluation of self-compacting concrete due to 

the low yield stress of such materials. In this study the mini-slump test adopted is similar to the 

procedure developed by Roussel (Roussel et al. 2005). The modus operandi was the following: the 

cone was laid on a horizontal glass surface. After the careful placing the grout into the mini-cone, to 

avoid bubbles formation and grout overflow, the cone is vertically lifted. After lifting the mini-cone 

the grout flows by gravity and the slump occurs. The grout will flow while the local stress is higher 

than the material yield stress. In all cases, the slumped area was circular, indicating a uniform 

deformation throughout the grout sample (see Figure 9.1c). The spread diameter was measured 

when the flow stopped. Each spread diameter value is the mean of two measurements along two 

perpendicular directions. The geometries of the mini-cone used are given in Figure 9.1a. 

 

 
(a)                                                                    (b) 

 
                                                              (c) 

Figure 9.1 Illustration of (a) mini-cone geometry; (b) lift the mini-cone and (c) spread sample at stoppage 

 

d1 

d2 
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9.4. Results and discussion  

9.4.1. Rheological measurements 

Typical shear stress vs. shear rate profile determined for the grout with water/binder of 0.50 and 

superplasticizer dosage of 0.8% is shown in Figure 9.2 (the viscosity profile is also shown in Figure 

9.3). The profiles obtained for the other grouts are qualitatively similar. The plastic viscosity values 

( P) were calculated from the fitting of eq. 9.1 to the linear part of the flow curve experimental data 

(as shown in Figure 9.2). NHL grouts have shear-thinning behaviour and only approximate linearity 

as the particles become deflocculated at high shear rates. Directly measuring the stress required to 

initiate flow is the best method for determining yield stress. Hence, the yield stress values 

correspond to the shear stress measured at shear rate of 0.5 s
-1

.  

 
Figure 9.2 Shear stress versus shear rate for the grout with w/b=0.50 and SP=0.8% 

 

 
Figure 9.3 Apparent viscosity versus shear rate for the grout with w/b=0.50 and SP=0.8% 

 

 

The effect of superplasticizer dosage and w/b ratio on grout rheological properties is presented in 

Figure 9.4 and 9.5. As expected the plastic viscosity and yield stress values decrease with the 

increasing of superplasticizer dosage. Since it is known that superplasticizers act on binder surface 

imposing  repulsive forces that prevent the particle flocculation, higher dosages mean that 

flocculation is more difficult to occur resulting in a larger dispersion of the grout and a decrease of 
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rheological properties (Bjornstrom and Chandra 2003; Nguyen et al 2011). Moreover, it can be seen 

that the yield stress is more affected with increasing superplasticizer dosage than the plastic 

viscosity. The water/binder ratio has a similar behaviour to the superplasticizer dosage i.e. it 

decreases both the yield stress and plastic viscosity values approaching to the grout behaviour of a 

Newtonian fluid. These results are in accordance with the conclusions obtained by (Wallevik and 

Wallevik 2011) for cement pastes. Their research shows that superplasticizer could reduce the yield 

stress and plastic viscosity in a similar way as when water is added. Nevertheless, the 

superplasticizer might not always produce the same results, since according to (Banfill 2011) some 

superplasticizer, with high molecular weight and long side-chain groups, can reduces the yield stress 

but do not change the plastic viscosity. 

 

 
Figure 9.4 Influence of water/binder ratio and superplasticizer dosage on plastic viscosity 

 

 

 
Figure 9.5 Influence of water/binder ratio and superplasticizer dosage on yield stress 
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9.4.2. Marsh test and mini-cone test  

The Marsh cone test gives the fluidity in terms of the time needed for a grout sample to flow thought 

the cone, which is proportional to the fluidity of the grout (inversely proportional to viscosity). In 

Figure 9.6 it is shown the flow time as function of superplasticizer and water/binder ratio, from 

which it can be observed that the flow time exibits a trend to decrease with the increase of 

superplasticizer dosage. In the samples with water/binder of 0.55 the flow time remains almost 

unchanged which appears to correspond to the maximum degree of dispersion of the grout particles. 

Moreover, flow time is also reduced with the increase of water/binder ratio; nevertheless this can 

lead to a worsening of hardened grout by reducing its mechanical properties as well as its durability. 

 

 
Figure 9.6 Influence of water/binder ratio and superplasticizer dosage on flow time 

 

The results from mini-slump test are shown in Figure 9.7. This test gives the spread diameter which 

is associated with the yield stress, since the grout spread occurs or stops when the shear stress 

becomes higher or lower than the yield stress (Oliveira et al 2006). In Figure 9.7 it can be observed 

that grout spread diameter increases with increasing superplasticizer dosage, which is in agreement 

with the obtained results of yield stress. However, it should be noted that for a superplasticizer 

dosage of 1.2wt% the spread diameter does not follow the trend of increase with increasing the 

water/binder ratio from 0.50 to 0.55. It is believed that this is caused by high superplasticizer 

concentration; according to other authors (Banfill 2011; Flatt 1999) a higher superplasticizer 

concentraction worsens the fluidity and consequently the injectability of the grout. When the 

concentration of free superplasticizer exceeds its saturation point, the attractive forces between the 

solid particles increases (due to the osmotic pressure) which leads to flocculation and instability of 

the grout. 
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Figure 9.7 Influence of water/binder ratio and superplasticizer dosage on spread diameter 

 

9.4.3. Correlation between flow tests and rheological properties 

The relationship between the flow time and plastic viscosity is presented Figure 9.8 showing a good 

correlation (coefficient of correlation R
2
 of 0.82). The figure shows that when the flow time 

increases the same apply to the plastic viscosity. Similarly, the coefficient of correlation between 

spread diameter and yield stress is also good (R
2 

= 0.87), as shown in Figure 9.9. It can be noted that 

the increase in spread diameter leads to reduced yield stress values, as expected. The relationship 

between these properties show that these simple test methods (Marsh cone and mini-slump) can be 

used to predict the plastic viscosity and yield stress value for grout optimization or fresh quality 

control in situ. 

 

 
Figure 9.8 Correlation between plastic viscosity and flow time 
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Figure 9.9 Correlation between yield stress and spread diameter 

 

 

9.5. Mathematical models 

 

As mentioned above, mathematical models were created which allow estimating the grout 

parameters, such as plastic viscosity and yield stress. Based on the experimental results the models 

coefficients were calculated using multiple regression analysis. This statistical modelling allows to 

estimate the value of a dependent parameter, such as yield stress or plastic viscosity, based on a set 

of independent variables, such as water/binder ratio, superplasticizer dosage, flow time and spread 

diameter. The general form of the equation of multiple linear regression can be written as follows 

(eq. 9.1): 

 

    
 
  

 
        

   
                         (9.1) 

 

Where y1 means the dependent variable, xi is the independent variables, βp is the regression 

coefficients and  i is the additive error. The matrix formulation involving predictor variables 

         takes the following structure (eq. 9.2): 
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The least-squares approach was used to obtain the coefficients of the regression equations. This 

means, that based on experimental data the regression coefficients    were calculated in order to 

minimize the mean square error between the observed and estimated values of y-parameter. That is, 

to find the regression coefficient.    that minimizes the following criterion (Anderson 1984): 

 

                
             (9.3) 

Taking derivatives with respect to  , and setting these to 0, the normal equations are obtained: 

 
  

  
                                 (9.4) 

 

where X and y are the matrix of variables          and         , respectively. To solve for β, the 

inverse of     was applied to both sides of eq. 9.4 and eq. 9.5 was obtained: 

 

                          (9.5) 

 

Where    is the matrix of coefficients. 

 

9.5.1. Proposed models 

The least-square approach was used to find the coefficients of each parameter modelled. Several 

variables coefficients and their contribution for the modelled parameters are present in Table 9.2. 

Moreover, the models give an indication of the relative significance of various variables on each 

estimated parameter. 

Table 9.2 Parameter estimates of the mathematical models 

 Plastic viscosity Yield stress 

Intercept 0.027 9.041 

water/binder 0.033 -6.419 

SP  -0.043 -0.119 

Flow time 0.009 - 

Spread diameter  -0.126 

R2 0.80 0.89 

 



Chapter 9. 

Modelling the rheological properties of grouts based on simple flow tests 

 

 
________________________________________________________________________________________________ 

162

The majority of the statistical models developed in this study have high coefficients of determination 

(R
2
) of more than 0.80 with the results from experimental work. The models for rheological 

properties (i.e. plastic viscosity, yield stress) of the NHL grouts are given in the eq (9.6) and (9.7): 

 

Plastic viscosity (Pa.s) =                                           (9.6) 

 

Yield stress (Pa) =                                                  (9.7) 

 

where w/b is the water/binder ratio (-), SP is the superplasticizer dosage (wt%) and flow time (sec.) 

and spread diameter (cm) are the results obtained from experimental work i.e. Marsh cone and mini-

cone test, respectively. 

 

9.5.2. Effects of water/binder ratio and superplasticizer dosage on plastic viscosity and 

yield stress 

The proposed models can therefore be used to create contour diagrams showing the influence of 

components on the properties that affect the fresh performance of hydraulic lime grouts. As shown 

in eq. 9.6, the superplasticizer dosage has a higher effect than water/binder ratio over plastic 

viscosity. In the Figure 9.10, is shown the effect of varying the superplasticizer dosage on the grout 

plastic viscosity with water/binder ratios of 0.50. Graphically the contour lines show the isoresponse 

of plastic viscosity when the superplasticizer dosage and flow time (obtained from Marsh cone test) 

are known. For instance, as can be seen in Figure 9.10, a grout made with 0.50 of water/binder ratio 

and 1wt% of superplasticizer exhibits an increase in plastic viscosity from 0.09 Pa.s to 0.18 Pa.s 

when the flow time increases from 10s to 20s. Note, however, that these isoresponse lines are only 

valid for the water/binder ratio given. 
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Figure 9.10 Isoresponse lines for plastic viscosity of NHL grouts with for water/binder ratio of 0.50 

 
 

As far as yield stress is concerned, it is more significantly affected by the water/binder ratio than the 

superplasticizer dosage as shown in eq. 9.7. The effects of varying the superplasticizer dosage and 

spread diameter on yield stress values at water/binder ratio of 0.50 are shown in Figure 9.11. 

Assuming, for instance, a grout with 0.50 of water/binder ratio, superplasticizer dosage of 0.8 wt% 

and a spread diameter of 25 cm it exhibits a yield stress value around 2.6 Pa. 

 

 
Figure 9.11 Isoresponse lines for yield stress of NHL grouts with for water/binder ratio of 0.50 
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9.5.3. Accuracy of the proposed models 

The accuracy of the developed models was determined by comparing predicted-to-measured values 

obtained from ten random grout compositions. The results of yield stress and plastic viscosity were 

then used to verify the ability of the proposed models to predict these parameters. All tests were 

carried out under the same conditions and procedures described earlier. The maximum, minimum, 

average, standard deviation (SD) and coefficient of variation (COV) of the predicted-to-measured 

values for yield stress and plastic viscosityfor all the grout compositions tested are presented in 

Table 9.3. The results reveal that the predicted-to-measured ratio ranged from 0.95 to 1.00, 

indicating a good agreement between the confirmation results and the expected results from the 

models. Thus, it can be stated that all the proposed models together with simple test methods can be 

used in the prediction as well as in the optimization of fresh performance of hydraulic lime grouts 

 
Table 9.3 Performance of models in predicting the fresh properties of grouts 

Property 

Predicted-to-measured ratio 

Maximum Minimum Average SD COV (%) 

Yield stress 1.13 0.83 0.95 0.10 10.10 

Plastic viscosity 1.11 0.94 1.00 0.05 5.44 

COV=SD/average  

 
 

 

9.6. Conclusions 

 

This chapter has addressed the modelling of the effects of two key components (such as 

water/binder ratio and dosage of superplasticizer) on the rheological properties of hydraulic lime 

grouts. Firstly the influence of these key components on rheological properties, flow time and spread 

diameter was analysed. The rheological properties may be improved by increasing the 

superplasticizer dosage or the water/binder ratio. This behaviour was corroborated with the results 

from Marsh cone and mini-slump test. Notwithstanding, the increase of superplasticizer is preferable 

since it leads to more benefits from fresh and hardened state point of view. However, it should be 

noted that for very high concentrations of superplasticizer no improvements on grout workability 

were observed. 
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Moreover, a good correlation between the flow tests (i.e. Marsh cone test and mini-slump test) and 

the rheological parameters (yield stress and plastic viscosity) was obtained. Hence, the grout 

components together with the outputs from the flow tests were used for the development of the 

mathematical models for prediction of fresh grout parameters. These models can be used to evaluate 

and to adjust the grout composition in order to achieve the fresh properties that suit each particular 

masonry requirements. Based on the results obtained the models are valid within the range of design 

components and provide an efficient mean to determine the influence of these components on grout 

properties. It should be noted that the modelling was done based on a given set of materials and 

assumptions which means that the generalisation of the results should be considered carefully. 

Therefore, further experimental research is needed to validate these equations using different ranges 

of tests parameters. The difference between the predicted and measured values will indicate the 

effect of the new ranges on the accuracy of the proposed models 

 

In any case, the proposed models allow simplifying the whole methodology involved in grout design 

by reducing time and resources involved in rheological measurements, especially when complex 

equipment such as rheometer or viscometer is involved. The results summarised in this chapter aim 

to contribute to the improvement of grouts performance as well as to optimize the procedures 

associated with injection tests performed into different porous media simulating old masonries of the 

type used in the previous chapter. 
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In this chapter the final considerations about the research carried out are presented and some 

recommendations for further research are also suggested. 
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10.1. Implications 

The present work can be divided in several studies on the fresh and hardened states of natural 

hydraulic lime grouts containing admixtures and pozzolans. The lack of information about the 

influence of these products in the rheological behaviour as well as in what concerns stability, 

strength, durability and modes of action upon hydraulic lime grouts emphasise the importance of the 

proposed work. 

 

The different aspects studied in each chapter are summarized in Figure 10.1, where the main reasons 

that motivated the study and the relationships that exist between the different chapters are also 

indicated. Along these lines, the chapter 5 of the present work dealt with the influence of mixing 

procedure upon rheological, stability and water retention of grouts, in order to define of an optimal 

mixture procedure for the best fresh grout behaviour by using the Taguchi method. Once the mixing 

procedure had been set, the effects of some admixtures and pozzolans on fresh and hardened grout 

performance was studied in order to choose which ones can be used as grout components (chapter 

6). Then, based on the materials adopted (such as superplasticizer and silica fume), the effect of their 

dosages on grout properties was studied in order to evaluate the grout composition from the best 

performance point of view (chapter 7). Since the grout behaviour depends not only on its 

components but also on other factors like temperature, the influence of temperature over 

superplasticized grouts with partial replacement of hydraulic lime by silica fume was studied 

(chapter 8). Grout performance was analysed in fresh and hardened state by testing its rheological 

behaviour, injectability and its hydration process. The grout injectability was analysed based on 

injection tests in scaled masonry models. The injections were conducted through cylindrical models 

filled with a porous medium which reproduces the characteristics of the multi-leaf masonry inner 

core. These have motivated the chapter 9, where the modelling of rheological properties based on 

simple flow tests and on grout composition was developed. The proposed models are very useful to 

simplify the grout design methodology, by reducing time and resources involved in rheological 

measurements, especially when complex equipment such as rheometer or viscometer is involved. 
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Figure 10.1 Scheme of the different studies performed in the present work 
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10.2. Overall conclusions 

 

The conclusions that have been made in the different stages of the present work have been listed at 

the end of each chapter. Here, these conclusions are summarized with the aim of providing a global 

picture of the fulfilment of the goals of this thesis. 

 

10.2.1. Influence of mixing procedure upon fresh state properties of grouts 

The definition of an optimal mixture procedure is crucial for a best grout performance. So, an 

attempt was made to achieve an optimal grout composition by using the Taguchi method. The use of 

the Taguchi method represented a good option and allowed a considerable reduction of the number 

of experiments, when compared to the full factorial. It enables also the study of the influence of each 

factor in final result. It was observed that the delay on superplasticizer addition is the factor with the 

highest contribution upon grout properties and it lead to better particle dispersion and therefore 

improves the grout rheology. Besides that, the other parameters analysed, such as water retention 

capacity and stability, changes with the procedure adopted. The most relevant conclusions are listed 

below: 

 

 Delay addition of superplasticizer leads to a lower amount of superplasticizer being 

intercalated in hydration products and therefore a higher amount of superplasticizer will be 

available for an effective dispersion of binder particles. 

 Initial water amount of 70% of overall amount contributes to an increased distance between 

particles, allowing a better water absorption of the binder and leading to a decrease of free 

water that results in a mixture with higher stability. 

 The lowest mixing speed leads to a grout with both better rheological behaviour and stability. 

 Increase of mixing time does not necessarily produce an improvement of grout behaviour 

and stability. 

 The total mixing time of 13.5 minutes is enough to ensure a good wetting of binder particles 

and a homogenous distribution of superplasticizer in the mixture. 
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10.2.2. Effects of admixtures and pozzolans in the properties of grouts 

Taking into account the optimization of grout performance, simple binder and water formulations 

are inadequate. Thus, the use of pozzolans and admixtures to improve rheology and stability of the 

grouts, therefore optimizing the injection characteristics, were considered. The lack of information 

about the influence of these materials on natural hydraulic lime grouts justifies evaluating the 

influence of different pozzolans and admixtures on grout performance.  

 

In the context of the influence of different admixtures and pozzolans on some relevant properties of 

hydraulic lime grouts, from the masonry consolidation point of view, the following conclusions can 

be stated: 

 Silica fume has a harmful effect on grout rheological behaviour, causing an increase of yield 

stress value and plastic viscosity. However, the replacement of hydraulic lime by silica fume 

was found to be useful for the improvement of grout compressive strength.  

 The hydraulic lime replacement by fly ash results in a slight decrease in yield stress. 

Nevertheless, the presence of fly ash leads to a decrease in grout compressive strength. 

 None of the admixtures or pozzolans analysed produced a variation in grout open porosity. 

However, a slight increase in water vapour permeability in the presence of superplasticiser 

and air entraining agent was observed.  

 The results indicate that superplasticiser is the admixture that most contributes to a better 

grout performance, from the rheological, stability and water retention point of view. 

 Superplasticiser addition was found to be useful for the increment of grout compressive 

strength. 

 The presence of silica fume together with superplasticiser allows a significant improvement 

in the grout stability. 

 The grouts with fly ash and superplasticiser show the best rheological behaviour i.e. the 

lowest yield stress and plastic viscosity. 

  Air entraining agent is by far the worst admixture, since it leads to the worst grout 

performance, even when compared with the plain hydraulic lime grout. 

It is clear that, from a comprehensive point of view considering fresh and hardened-state results, 

products like superplasticizer are inevitable when designing a grout for injection purposes and its 
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presence seems to be particularly required when other powder admixtures are used, such as silica 

fume. 

 

10.2.3. Combined effect of superplasticizer and silica fume in the properties of grouts 

According to the results obtained in the previous step, the combined used of silica fume and 

superplasticizer proved to be useful in enhancing the grout behavior. However, it was clear that a 

more detailed study was necessary in order to tune the grout composition, taking into account not 

only the fresh state but also the hardened properties. Thus, according to grout injection 

requirements, an attempt to get a grout composition that enhances grout performance for a 

successful injection was made. 

 

In the context of the influence of grout composition on its flow time, stability, wettability and 

mechanical strength (studied in chapter 7), the following conclusions can be drawn from the results 

obtained: 

 The superplasticizer contributes to the increasing of grout polarity, this behaviour being 

justified by the fact that superplasticizer has negative charge along its carboxylic main chain. 

The grout contact angle decreases (i.e. higher wettability is obtained) with increasing of 

superplasticizer dosage. 

 The flow time decrease with an increase of the superplasticizer dosage until the saturation 

point (SP=0.8wt%). 

 The saturation point is practically unaffected by the water/binder ratio, which means that the 

relationship between superplasticizer adsorption and fluidity of grout is related with 

characteritics of binder, such as specific surface of the binder particles, content of C3A, 

among others rather, than the water amount. 

 By comparison the results of this thesis and those of the literature it can be stated that the 

presence of superplasticizer is useful for compressive strengh enhancement, since the 

physical dispersion promoted by the superplasticizer affects the grout microstructure and the 

hydration products, resulting in better mechanical strength performance. 

 Also, the compressive strengh results as function of superplasticizer dosage and water/binder 

ratio reveal that the proper balance between two competitive design parameters, such as 

water/binder ratio versus superplasticizer dosage, leads to a plenty hydration of lime particles 
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which in turn has a significant influence on the compressive strength development and on the 

fresh grout stability. 

 The incorporation of the superplasticizer can improve the stability since it provides higher 

interstitial water retention. It should be pointed out that for dosages above the 

superplasticizer saturation point (0.8 wt%) a slight increase in grout instability was detected, 

which is caused by an excessive amount of superplasticizer present in the mixture that is not 

being used and therefore causes the depletion attraction.  

 With regards to the replacement of hydraulic lime by silica fume, a decrease on contact angle 

is observed which is particularly evident comparing the reference grout and the one with 

2wt% of silica fume. The silica fume particles adsorbs relatively low amounts of 

superplasticizer when compared with adsorption that occurs on the binder particles, which 

leads to a higher amount of superplasticizer available and, consequently, increasing the grout 

polarity. 

 Additionally, the flow time is substantial affected in the presence silica fume because it 

decreases the amount of free water available in the mixture. Moreover, the higher the amount 

of silica fume present on the grout, the more colloidal forces will influence the movement 

and thereby the stronger will be the coagulation process and a relatively quick settlement of 

the floccules occurs. 

Taking into account all these previous results and the fact that the goal was to improve the grout 

performance using partial replacement of lime by silica fume in the presence of superplasticizer, it 

was decided to choose the following grout composition: silica fume replacement dosage of 2wt% 

and superplasticizer dosage of 0.8wt%. At this point, concerning the fresh and hardened states, it 

was also decided to keep the water/binder ratio equal to 0.50, since this water/binder ratio allows full 

lime hydration and a proper rheological behaviour. 

 

10.2.4. Effect of temperature on the grout performance 

Based on the grout composition previously achieved, the effect of temperature on both fresh and 

hardened grout performance was made. The grout resting time, rate of flocculation and rheological 

properties were characterized at different temperatures. All the measurements were performed 

assuming that the grout microstructure is shear and time dependent. Moreover, injection tests were 

conducted to contribute to a better understanding of the flow behaviour that grouts present when 
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injected under different temperatures. Regarding the injection tests, the effect of pressure on grout 

rheological behaviour was previously analysed in order to get the appropriate injection pressure. The 

influence of different temperatures on hydraulic lime hydration was done through thermogravimetric 

analysis. 

 

In the context of grout behaviour under different temperatures (chapter 8), the following conclusions 

can be drawn from the results obtained: 

 The evolution of yield stress and plastic viscosity values with increase of temperature 

suggests that at low temperatures, 5ºC, the formation of ice crystals may occur leading to 

higher yield stress and plastic viscosity. 

 With the increase of temperature both rheological parameters (yield stress and plastic 

viscosity) decrease as results of the thermal agitation. Nevertheless, for temperatures above 

20ºC this thermal agitation is countered by two factors, such as faster reaction kinetics of the 

lime hydration and the increase in electrostatic forces of lime particles with temperature. 

 The environmental temperature of 20ºC is the one that leads to the best grout rheological 

performance. 

 The injection tests confirmed that the temperature of 20ºC leads to better grout fluidity and 

therefore to a higher penetration in the porous medium. 

 Knowing that the injection pressure should be limited to a sufficient low pressure to avoid 

the masonry disruption, but as high as possible to ensure the grout penetration, an injection 

pressure of 0.5bar was adopted to be used on the injection tests. 

 Resting time higher than 300s leads to an increase of equilibrium viscosity values, especially 

for temperatures of 5 and 40ºC. 

 As far as grout thixotropy is concerned, at lower temperatures the molecular agitation 

decreases (grout particles are closer to each other), thus a quicker microstructure build up 

was observed. In addition, it is also possible that, at lower temperatures, a decrease in the 

intensity of the dispersion mechanism of superplasticizer molecules may occur, caused by 

changes in the spatial arrangement of the adsorbed superplasticizer. 

 Notwithstanding, high flocculation rate can be the solution to solve some problems after 

injection; for instance when grout is at rest inside the masonry, gravity may induce 

sedimentation of grout particles. 
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 The environmental conditions of 20ºC and relative humidity of 60% are favourable curing 

conditions because they allow a more complete hydration reaction. 

 It was found that CaCO3 content at 28 days for the grout sample maintained at temperature 

of 20ºC is higher than the sample maintained at 40ºC; this means that besides the fact that 

high temperature promotes an increase of carbonation process, a less amount of water is 

available that limit the progress of the hydration reactions. 

 Along these lines, another possible explanation is based on the decrease of porosity, the 

hydraulic lime carbonation will increase the transformation of Ca(OH)2 into CaCO3, which 

causes porosity decrease because the new formed CaCO3 will gradually fill the pores and 

therefore the carbonation process is mitigated. 

It was observed that the effect of temperature is not negligible for both fresh and hardened grout 

performance; during a practical injection a proper choice of environmental temperature will allow to 

get an improvement of injection capacity. 

 

10.2.5. Modelling the rheological properties of grouts based on simple flow tests 

Grout composition must be formulated as a function of the characteristics of the porous media to be 

injected. So, in order to simplify the methodology involved in grout composition design, two models 

were created to allow predicting the grout rheological properties based on its composition and on 

simple flow tests. The grout composition together with the outputs from the flow tests were used for 

the development of mathematical models for prediction of fresh grout parameters. 

 

In the context of the modelling the effects of grout composition on its rheological properties and 

mechanical strength (chapter 9), the following conclusions can be drawn: 

 A good correlation between the flow tests (i.e. Marsh cone test and mini-slump test) and the 

rheological properties was obtained. 

 The models created can be used to evaluate and to adjust the grout composition in order to 

achieve the fresh properties that suit each masonry characteristics.  

 The proposed models allow simplifying the whole methodology involved in grout design by 

reducing time and resources involved in rheological measurements, since the rheological 
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properties of the grout can be predicted and controlled just by performing simple flow tests 

traditionally used on field. 

It should be noted that the modelling was done based on a given set of materials and assumptions 

which means that the generalisation of the results should be considered carefully. Therefore, further 

experimental research is needed to validate these equations using different ranges of tests 

parameters. 

 

This research has increased the understanding of how some grout components influence its behavior 

during the fresh and hardened state. However, the measurements have been performed in laboratory 

environment and it means that some outside variables will probably have influence in some results. 

Notwithstanding, the results achieved in this research are being incorporated in a more 

comprehensive study for grout injections concerning several specific applications. 

 

 

10.3. Recommendations for further research 

 

Throughout the development of this study, several aspects have allowed the contemplation of new 

lines of research. Among them, the following are noteworthy: 

 

 The studies performed on the fresh state have revealed the strong relation between the grout 

rheological behaviour and its performance. The grouts rheological behaviour should be 

studied through oscillatory measurements in order to study in more detail its elastic-

viscoplastic behaviour. Using oscillatory rheology, it is a valuable tool for understanding the 

structural and dynamic properties of grouts. It is believed that cementitious grouts response 

to deformations by a linear behaviour at small deformations. However at large deformations 

where the stress exceeds the yield stress, the material response is dominated by irreversible 

viscoplastic flow. The principle of an oscillatory measurement is to induce a sinusoidal shear 

deformation in the sample and measure the resultant stress response. The elastic-solid 

behaviour of a material is characterized by the storage modulus, which characterise the 

elastic-solid contributions to the measured stress response. This oscillatory rheology can also 

be useful to predicting stability problems. Since, when a material sample is oscillated with an 

increasing stress the storage modulus can be plotted against the shear stress. The modulus 
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initially gives a plateau known as the linear viscoelastic region. The length of the linear 

viscoelastic region shows how far the material can be deformed before the structure 

breakdown takes place. However, the length of the linear viscoelastic region can also show 

energy absorption by the interfacial interactions and is therefore, also a good indication of 

the stability of a suspension to resist segregation phenomenon. In addition, the measurement 

of yield stress should be improved using oscillatory rheology or viscometry test based on the 

ramped shear approach (conducted before the traditional flow tests) in which the stress is 

gradually ramp up in order to determine the point that the structure breakdowns. It is 

believed that both procedures to get the yield stress value are more accurate than the yield 

stress values obtained from fitting the rheological model to the classical flow curve data. 

 

 Regarding the microstructure and hydration process of grouts, the significant effect of 

temperature was clear. However, the study of the hydration process could be improved by 

incorporating measurements of the different product involved in the hydraulic lime hydration 

through X-ray diffraction (XRD). Alternatively, through scanning electron microscopy with 

X-ray microanalysis (SEM/EDS) a better understanding of the effect of the temperature and 

grout components on the composition and morphology of the C-S-H can be obtained. 

 

 According to Toumbakari (2002) the effectiveness of the injection technique also depends on 

the adherence between the injected grout and the masonry materials. Thus, it should be 

important to study the influence of different grout formulations on their adherence to 

different types of subtract (these substrates have to be previously prepared to present 

characteristics similar to those of the materials used in old stone masonries). The bond 

strength between the grout and the substrate along the interface can be evaluated through 

Pull-off tests, in order to evaluate the bond strength. Moreover, the type of failure mode 

should also be analysed i.e. if the failure occurs along the interface or within the grout or 

substrate. 

 

 Injection tests in physical models and strength test of those injected models should be 

performed. Based on the previous results, selected grouts can be injected in scaled physical 

models representing masonries and grouts samples in the fresh and hardened states should be 

tested. The expected results are the following: (i) to identify the range of parameters in which 

injection treatments may yield desirable results in different types of matrices. (ii) to conduct 
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a mechanical characterization (flexural, compression) of grout samples, along with a 

comparison between the injected models (splitting tests, compression tests). 

 

 Finally, it is needless to say that the effect of different grout components is now becoming 

known and therefore enabling the grout optimization. However, injection grouts are complex 

materials and an understanding of their behaviour on the nano scale is required, in order to 

get more detailed and correct information. So far research at macro and micro scale level has 

been conducted but it is clear, however, that additional characterization of the flow and 

injection processes is needed at nano scale level. This means that the effects of different 

nano-particles such as nanosilica, nanoclay, nano-oxides on grout hydration process, 

rheological behaviour and microstructure of grouts should be analysed. It is well known that 

the performance of cementitious materials is strongly dependent on the size of solid particles; 

hence, when ultra-fine particles are incorporated into cementitious mixtures (like nano-size 

particles) they will modify its fresh and hardened state properties in a different way, even 

when compared with the same material but added at the micro scale. Many nano-materials 

such as nanosilica, nanoclay, nano-oxides, among others are considered compatible with 

cementitious materials and may improve their properties. Nevertheless, these products have 

not been studied in the context of being used with natural hydraulic lime-based grouts with 

the purpose of masonry consolidation. 
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