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Abstract. Grouts have numerous applications including crack repair as maintenance in construction industries. 
Microfine cements are intensively used for high strength mortar and grout products. They are ideal for injection 
grouting in structural repair. Such grouts should have suitable rheological properties to be injectable, especially 
those used in repair and rehabilitation. The use of superplasticizers (SP) in these products is thus becoming 
increasingly crucial to achieve favorable workability and viscosity properties. A difficulty in such grouts is the 
plastic shrinkage due to finer particles used. It is thus necessary to determine optimum SP and shrinkage 
reducing admixture (SRA) dosages for a microfine cement based grout. In this study, a saturation dosage was 
decided from two Polycarboxylate ether (PCE) based SPs in relation to neat cement using slump flow and 
rheological parameters. A range of grout mixtures was formulated containing micro silica (MS) and fly ash 
(FA), and tested for suitable rheological and mechanical parameters. Based on the results, a grout mixture with 
MS and FA was selected to determine optimum SRA content. According to the results, a SP dosage of 3% by 
weight of neat cement is sufficient to achieve saturation. The grout material including MS and FA can produce 
comparable properties to neat cement grout. MS is found to improve compressive strength within the range 
considered, whereas a higher FA content provides favourable rheological properties.  Finally, a SRA dosage of 
4%, which could reduce the shrinkage by about 43% after 28d days, is determined for the grout system. 

1 Introduction  
Grouting is intensively used for void filling, sealing joints, 
soil stabilization, and repair of masonry and structural 
elements [1-3].  Suitable grouts should retrieve the 
continuity, cohesion and strength of the damaged 
structures without altering their shape and load-bearing 
behavior. Hence, grouting is an indispensable part of 
structural maintenance of concrete and composite 
structures over their lifetimes. The design of the grout as 
well as the method of its applications must satisfy a series 
of performance requirements including nature of defects. 
The efficiency of such grouting depends on the material 
rheology, injectability, and mechanical strength.  

Cement is one of the multifaceted construction 
materials due to its demonstrated areas of usage. 
Grouting is such a branch of application. A special type 
of cement: Microfine cements, which are also known as 
ultrafine cement, were intensively used for structural 
applications including oil-well cementing and high-
pressure grouting [4-6]. Microfine cements were also 
used for structural remediation [7, 8]. These cements are 
ideal candidates for structural grouting due to their 
superior effects on rheology and hardened properties in 
comparison to coarser ordinary Portland cements. 
However, the cement itself is sometimes not sufficient to 

achieve desirable properties. In such situations, special 
admixtures and supplementary cementitious materials are 
introduced.   

Depending on the method and conditions of grout 
processing, rheological properties of the grout need to be 
adjusted [9]. High strength grouts require low water 
content, which reduces workability and increases 
viscosity. For this reason, superplasticizers (SPs) are 
often used to modify the workability of mixture. 
Shrinkage of cementitious materials is a phenomenon that 
may cause cracks on structural or non-structural elements. 
Since grouts used in repair fill voids, shrinkage at 
hardened stage is critical. In structural concrete, cracking 
may be reduced by appropriate reinforcement, which is 
almost impossible in grout systems. The reinforcement 
does not reduce shrinkage, but can prevent cracks from 
widening. The use of expansive cements is a possible 
way to reduce shrinkage [10]. Expansive cements 
produce expansion by formation of ettringite, which is 
less effective to control early age cracking. The use of 
shrinkage reduction admixtures (SRA) is another way to 
reduce shrinkage [11]. The use of supplementary 
cementitious materials is also common to reduce costs 
and to modify properties. The most commonly used 
supplements are micro silica (MS), fly ash (FA), 
metakaolin (MK), and ground granulated blast-furnace 
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slag (GGBS) [12, 13]. A combination of these ingredients, 
when used, requires quantification through experimental 
investigation. 

This study proceeded as a series of successive tests, 
which were carried out in stages involving workability 
and mechanical properties. A saturation dosage between 
two SPs were decided. Further, two supplementary 
cementitious materials: MS and FA were used and varied 
to find appropriate ranges. At the end, SRA contents were 
varied to determine a suitable dosage. Finally, a range of 
these ingredients is outlined for a typical grout for 
structural rehabilitation, from where further detailed tests 
could continue. 

2 Experimental details  

2.1 Material properties 

A microfine hydraulic binder was used in this study. It 
has a particle size distribution with D95 < 12 µm and BET 
specific surface of 2200 m2/kg. The specific density is 
3.14. The cement complies with the requirements given 
by EN 197-1 [14] for CEM I 52.5 R LA SR with C3A 
content < 3.5%. Initially, two polycarboxylate ethers 
(PCE) based superplasticizers were used due to their 
advantages over lignosulphonates plasticizers [15]. For 
commercial confidentially, they are named as SP-A and 
SP-B. A summary of their properties is given in Table 1.  

 

Table 1. Properties of superplasticizers. 

Properties SP-A SP-B 
Physical form Liquid Liquid 
Color Brown Brown 
Sp. Density [kg/m3] 1100 ± 30 1060 ± 20 
pH 7.0 ± 1.0 6.5 ± 1.0 

 
The density and pH values are measured at 20oC. 

Both of these plasticizers confirm to DIN EN 934-2 [16]. 
Two supplementary cementitious materials (SCM): micro 
silica and fly ash were selected for modifying the 
properties of neat cement grout. A silica fume with 
specific density of 2.207 and D95 = 35 µm was used. A 
class F fly ash with higher silica content of 58% was used. 
It has a specific density of 2.320 g/cm³ and D95 = 150 µm. 
The SRA is a blend of aliphatic alcohols and glycols with 
an inorganic carrier. It is in powder form with a relative 
density of 0.470 g/cm³.  

2.2 Test program 

The test program was carried out in three stages. The 
sequential processes can be demonstrated as Figure 1. At 
first, one SP and its saturation dosage was selected using 
rheological properties. Neat cement was used in this stage 
and SPs were varied between 1 – 5% by weight of 
cement for simplicity. A constant water cement ratio of 
0.30 by weight of neat cement (bwoc) was used in these 
tests. Slump was determined at 10, 20, 30, and 40 

minutes after the beginning of mixing for this stage. 
Moreover, viscosity parameters were also measured after 
10 minutes after the end of mixing.  
 

 

Figure 1. Summary of test program. 
 
Using the saturation SP dosage, a test series was 

formulated containing two SCMs in the next stage. Five 
test mixes shown in Table 2 were formulated and 
investigated. A water cement ratio (0.32 bwoc) was used 
in this stage. Mechanical properties after 28 days in 
addition to rheological properties were also investigated 
and a suitable mixture was decided. Slump was 
determined after 10 minutes after the beginning of mixing. 
In the last stage, an optimum SRA dosage was selected 
through testing of plastic shrinkage. The SRA dosages 
were varied from 0 – 5% bwoc.  

Table 2. Mix designs for investigating optimum mixture. 

Mix 
% Volume 
replacement Volume (kg/m3) 

MS FA CEM MS FA Water SP 
1 0 0 477.6 0 0 479.9 42.4 
2 0 8 439.4 0 38.2 479.9 42.4 
3 3 0 463.3 14.3 0 479.9 42.4 
4 6 8 410.8 28.7 38.2 479.9 42.4 
5 3 16 386.9 14.3 76.4 479.9 42.4 

2.3 Preparation and test setup  

Mixing was carried out using an intensive mixer. The dry 
mix contents were first mixed for 1 minute at 400 rpm. 
Then, water and half of the SP were added first and 
mixed for 1 minute at 400 rpm. Afterward rest half of the 
SP was added and mixed for another minute at the same 
speed. A pause in mixing for 1.5 minutes was taken to 
scrape the surface mix back to container. The mixing was 
then continued for 1 minute at 400 rpm and, finally, for 2 
minutes at 800 rpm. The total mixing time amounts to 7.5 
minutes. 

Paste flow was measured using Haegermann cone 
with a height of 60 mm, lower diameter of 100 mm, and 
upper diameter of 70 mm conforming to DIN EN 1015-3 
[17]. No vibration was used due to the fact that grouts 
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should inherently have a self-compacting behavior. 
Viscosity was measured using a Schleibinger Viskomat 
NT. A special double gap rotational cell, which was 
developed by Vogel [18], was used, which enables fluid-
in-fluid shear and thus minimizes wall effects. The 
measurement of the apparent viscosity was carried out by 
analyzing the response of mixes under the rotational 
velocity ramps given in Figure 2. The viscosity was 
measured for shear response during downward ramp, 
which occurs at around 10 minutes from the end of 
mixing. 
 

Figure 2. Rotational ramps for viscosity measurement. 
 

Compression and flexural tests were carried out 
conforming BS EN 196-1 [19], where 40x40x160 mm 
prismatic samples were used. Specimens for linear 
shrinkage and strength were removed from the molds 
after 24 hours. Linear shrinkage was determined 
conforming to DIN EN 12617-4 using prismatic 
specimens [20]. Specimens were cured in a controlled 
air-conditioned environment at 50% relative humidity 
and 23°C, whereas compressive and flexural specimens 
were cured at submerged condition at the same 
temperature for 28 days prior to testing. Figure 3 shows 
tests are being carried out. 

 

 

Figure 3. Details of tests carried out: a) slump flow, b) 
rheometer, c) strength, d) linear shrinkage. 

3 Results and discussion  

Since the study was carried out in three successive stages, 
the results are also presented accordingly.  

3.1 Selection of SP and dosage 

The effect of time and SP dosages on flow is shown in 
Figure 4. It is to be noted here that the base of the flow 
cone is 100 mm. The variation in flow diameter within 
first 40 minutes for a constant SP dosage is minimal with 
a maximum range of 50 mm, indicating that the 
plasticizers are stable within that period. The flow 
diameter is 100 mm for both SP-A and SP-B content of 
1%, which means there is no flow in the paste. The flow 
diameter reaches around 375 mm with 2% of SP-A and 
increase by about 25 mm over 40 minutes, whereas there 
is no significant increase in flow for 2% of SP-B. 3% SP-
A resulted in a comparable slump to that of 2%, which 
remained consistent over next 40 minutes.  

 

 

Figure 4. Effect of time and SP dosage on slump flow. 
 
To further investigate the flow performance of SPs, 

Figure 5 is drawn for slump flows at 20 minutes. This 
comparison shows that once an optimum content is 
reached the flow is either consistent or slightly higher due 
to additional water. According to the results, 2% is the 
saturation dosage for SP-A. On the other hand, it takes 
about 3% SP-B to attain about 400 mm slump, which 
remained steady up to 5% with slight increase up to about 
450 mm. The maximum slump for both SPs can be 
considered comparable once they achieved saturation. 
However, to draw a conclusion, further comparison with 
viscosity measurement is necessary.  
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Figure 5. Quantification of saturation dosage using slump flow. 
 
Comparison of shear stresses is shown in Figure 6. 

The comparison is drawn up to dosage of 5%. Contents 
lower than 3%, which are not presented here implies that 
those mixtures are too viscous to be tested by the 
rheometer. In general, SP-B provides lower stress than 
that of SP-A. The ratio of stresses in SP-B to SP-A for a 
constant SP dosage is nearly 0.5, which indicates that SP-
B is expected to provide a much injectable mixture for 
practical application. Relating Figure 5 and Figure 6, it 
can be decided that SP-B is the plasticizer for superior 
rheological properties and should be selected for further 
investigation at a dosage of 3% bwoc. It must also be 
added that the saturation point of SP-B may occur at any 
point between 2 – 3%. However, it can be assumed that it 
has enough charge to saturate potential mixtures 
containing SCMs. 
 

 

Figure 6. Effect of SP dosages on shear stress. 
 
The shear stress increment is nonlinear in relation to 

shear rate opposed to that observed in a Newtonian fluid. 
Shear thickening effect is observed within the rate 
considered. Interesting to note that the stresses increase 
when SP dosages are increased. This is probably because 
of excess SP, not absorbed at the surface of cement 
particles, remaining in solution and increasing the 
viscosity of the interstitial fluid and thus increasing the 
plastic viscosity of the cement paste [21-23]. The 
localized effect of this retardation can be even such that 
the higher SP dosage (5%) eventually result in formation 
of agglomerates in the paste immediately after mixing 
probably due to phase separation. Similar incompatibility 
between cement and admixture was discussed when low 
water and high admixture were used [24].   

3.2 Selection of optimum mixture 

The summary of the results from tests carried out at this 
stage are given in Table 3. The slump diameter varies 
within 568 – 610 mm. The compressive and flexural 
strength vary within the ranges of 103 – 123 MPa, and 
4.6 – 13.5 MPa, respectively. The results suggest that, 

despite replacements by SCMs, comparable slump and 
strengths are achievable in comparison to neat cement.  

Some simple comparisons can be drawn among the 
mixtures based on the results. Mix 5 with higher fly ash 
provides the highest slump. The fact that the slump 
diameter increases with an increase in FA aligns with the 
argument related to the morphological nature of fly ash, 
which suggests that fly ash reduces the filling water and 
has stronger lubricating role [25]. Mix 3 with 3% MS 
provides the highest compressive strength, however 
lowest flexural strength. Addition of micro silica was also 
reported to increase the strength, but up to an optimum 
level of 10% [26]. Moreover, Mix 4 and Mix 5 with 
higher FA provides higher flexural strength. These 
comparisons suggest that fly ash is advantageous for 
slump and flexural strength, whereas micro silica is 
beneficial for compressive strength but near the 3% 
margin. Depending on these facts, a mix containing 4% 
MS and 15% FA can be selected to expect a grout 
material that has advantageous slump property and 
strength. These comparisons are presented here based on 
simple experimental/empirical observations. Detailed 
investigations with more mixtures are necessary to 
further define the relations.  

Table 3. Summary of slump flow and mechanical properties. 

Mix Slump (mm) Comp. Str. (MPa) Flex. Str. (MPa) 
1 568 104 6.2 
2 577 114 9.2 
3 567 123 4.6 

4 570 117 13.5 
5 610 103 11.0 

3.3 Selection of SRA dosage 

The effect of SRA dosages on mass loss due to water 
evaporation from hardened specimens with and without 
SRA is given in Figure 7. The reference mixture contains 
4% MS and 15% FA that has been selection in the 
previous section for superior properties. The mass loss 
ranges within 6 – 7% for the mixtures tested. The results 
suggest that, in general, mass loss increased due to 
increase in SRA dosages. This trend does align with the 
finding of previous studies [27, 28], where SRA did not 
reduce the water evaporation from concrete when 
exposed to unsaturated air; rather remained closely 
aligned. This phenomenon cannot be related to the 
common analogy that SRA reduce capillary tension 
caused by the formation of water menisci developed in 
capillary pores, which is accountable for the shrinkage 
inside the cement paste [11, 29]. Hence, the mass loss is 
higher in specimens with SRA - probably due to the 
reduction in the surface tension of the pore water, which 
resulted in a higher drying rate at the relative humidity 
(RH) of 50%; compensating common analogy. Also 
curing condition was attributed to significant effect on 
shrinkage [27, 30]. Hence, it may be the low relative 
humidity that caused higher water loss. Apart from 
chemical shrinkage, it is well known that drying 
shrinkage and self-desiccation produce a decrease in the 
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relative humidity in the pore system, which is responsible 
for part of shrinkage deformations. It was reported to 
reduce the internal relative humidity related to sealed 
curing at a range of 0.95 – 0.85 at about 28 days [11, 31]. 

The shrinkage measurement began after 24 hours, 
which was selected as the reference point. Chemical 
shrinkage at very early age is normally much higher than 
autogenous shrinkage [13, 32]. Such shrinkage is of 
critical importance for practical applications. Hence, 
autogenous shrinkage is prioritized in this discussion. 
Drying shrinkage is thus also included within the 
autogenous shrinkage. 

 

 

Figure 7. Effect of SRA dosages on mass loss over time. 
 
Figure 8 shows effects of SRA dosages and duration 

on linear shrinkage. Each shrinkage value presented here 
is an average value obtained from six specimens. The 
shrinkage is nearly linear up until 7 days. Beyond 7 days, 
the trend suggests a diminishing effect. However, the 
plateau is not achieved indicating that there is still 
potential for shrinkage in the future, which was also 
observed for autogenous shrinkage [33]. This is due to 
the addition of SCMs with pozzolanic properties, 
especially fly ash, which is activated at later stage of 
hydration.  

 

 

Figure 8. Effect of SRA dosages on shrinkage over time. 
 

The shrinkage after 28 days is about 0.26%. This is 
high compared to previous studies on a range of cement 
pastes [32, 34]. Several factors can contribute in this 
phenomenon. One reason may be the low RH curing in 
light of capillary tension approach [35]. Another factor 
may be the microfine cement, which is known to provide 
higher shrinkage compared to coarser ordinary Portland 
cement due to fineness and accelerated hydration caused 
more contraction phase of C-S-H gel [36-38]. Besides, 
microsilica was also attributed to higher autogenous 
shrinkage [39]. Although fly ash had positive effect on 
shrinkage for certain fly ashes, the adverse effect was 
also observed [40].   

The shrinkage is reduced by about 45% for SRA 
dosage of 5%. However, the reduction is less effective 
beyond 4%, which provides about 43% reduction. Hence, 
this content can be considered optimum for the mixture 
considered. However, inclusion of such high volume of 
SRA may change the rheological properties necessitating 
modification in mix design to suit in situ applications. 

4 Conclusions  

At first, tests were conducted to determine a saturation SP 
dosage by increasing the SP content by weight for a 
microfine cement using rheological properties. Based on 
the SP dosage, five grout mixes with varied micro silica 
(MS) and fly ash (FA) contents were formulated and 
investigated for fresh and hardened properties. A mix 
design was formulated based on the properties aiming to 
superior rheological parameters and higher strength 
properties. Finally, linear shrinkage was investigated for 
determining a suitable SRA dosage for the grout system. 
The following conclusions can be drawn: 
•  Both SPs investigated for the neat cement grout provide 
comparable spread flow, however SP-B provides much 
favorable viscosity at a dosage of 3% bwoc. Once 
saturation is attained, a higher dosage negatively affects 
the shear stress.  
• In general, an increased MS resulted in higher 
compressive strength and lower flexural strength. Slump 
flow and flexural strength increased with increasing fly 
ash content, whereas compressive strength reduced.  
• A dosage of 4% is found optimum to reduce shrinkage 
by about 43%, beyond which the reduction in shrinkage 
is negligible. 
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