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Abstract

In this paper the parameters of cement grout affecting rheological behaviour and compressive strength are investigated. Factorial
experimental design was adopted in this investigation to assess the combined effects of the following factors on fluidity, rheological
properties, induced bleeding and compressive strength: water/binder ratio (W/B), dosage of superplasticiser (SP), dosage of viscosity
agent (VA), and proportion of limestone powder as replacement of cement (LSP). Mini-slump test, Marsh cone, Lombardi plate
cohesion meter, induced bleeding test, coaxial rotating cylinder viscometer were used to evaluate the rheology of the cement grout
and the compressive strengths at 7 and 28 days were measured. A two-level fractional factorial statistical model was used to model
the influence of key parameters on properties affecting the fluidity, the rheology and compressive strength. The models are valid for
mixes with 0.35-0.42 W/B, 0.3-1.2% SP, 0.02-0.7% VA (percentage of binder) and 12-45% LSP as replacement of cement. The
influences of W/B, SP, VA and LSP were characterised and analysed using polynomial regression which can identify the primary
factors and their interactions on the measured properties. Mathematical polynomials were developed for mini-slump, plate cohesion
meter, inducing bleeding, yield value, plastic viscosity and compressive strength as function of W/B, SP, VA and proportion of LSP.
The statistical approach used highlighted the limestone powder effect and the dosage of SP and VA on the various rheological

characteristics of cement grout.
© 2002 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement-based grouts are widely used in injection
grouting of cracks in massive structures since their
physical and mechanical properties can be easily con-
trolled. The rheological behaviour of special cement
grouts intended for the underwater sealing of cracks in
dams, offshore structures, massive foundations, or fis-
sures in rock can be enhanced by the incorporation of
viscosity agent (VA) [1,2]. Grouts containing VA are
also used for filling post-tensioning ducts, where it is
important to ensure high resistance to sedimentation
and bleeding, hence ensuring corrosion protection of
stressed tendons [3]. Admixtures mainly affect the flow
behaviour of the cement paste without altering the
composition. Therefore, it seems reasonable to try to
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study the effect of water/binder and admixtures, chemi-
cal and mineral, by only testing the cement paste. The
rheological measurements on cement paste were used to
assess the fresh properties. Viscosity agents are also used
in grouts for the repair of deteriorated structures by
injection.

Viscosity agents are relatively new admixtures used to
enhance the cohesion and stability of cement-based sys-
tems [4-10]. Such VAs are water-soluble polysaccharides
that enhance the water retention capacity of paste [4,5,7—
10]. The use of viscosity agent increases the yield value
and plastic viscosity of cement-based grout, thus neces-
sitating increase in water/binder or superplasticiser dos-
age to insure a low yield stress necessary for proper
penetrability, spreading and control sedimentation [4,10].
Several researchers have related the improvement in
rheological properties and the performance of cement-
based grout to the addition of superplasticiser (SP) and
VA [4-10]. For example, for underwater cement-based
grout, mini-slump, washout resistance and residual
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compressive strength are highly influenced by water/
binder ratio (W/B), VA and SP dosages [7-9]. The wash-
out resistance improves as VA content increases for a
given W/B despite the greater dosage of SP necessary to
maintain fluidity [7-9]. For a given W/B of 0.40, an in-
crease in mini-slump due to a greater dosage of SP can
increase the washout mass loss and reduce residual
strength, regardless of the dosage of VA [9]. An optimi-
sation is therefore necessary to establish a balance be-
tween the dosages of VA and SP, the W/B ratio and the
proportion of mineral admixture (limestone powder, fly
ash, silica fume, etc.) to ensure suitable flow and pene-
tration and reduce the bleeding. The mix optimisation of
grout often necessitates several trial batches to achieve a
balance between the mineral and chemical admixtures
and W/B to ensure suitable fluidity, stability and me-
chanical properties, some of which parameters have
opposite effects. For this reason the statistical modelling
approach was used in order to reduce the number of trial
batches. Nehdi and co-workers [11,12] reported that the
limestone microfiller replacement of cement slightly
increased the yield value of cement paste and decreased
its plastic viscosity, which implies better stability and
flowability of the cement paste. However, increasing
the limestone microfiller contents reduced the induced
bleeding of cement paste only at high W/B ratios and did
not seem to have a significant effect at low W/B [11,12].

The aim of this study is to evaluate the effect of the
WI/B, the dosages of SP and VA, and the proportion of
limestone powder replacement of cement on the rhe-
ological properties and the compressive strength (f) at 7
and 28 days of grouts using a statistical design approach
and analysis of experiments [13]. The mini-slump test,
Marsh cone, Lombardi plate cohesion meter, induced
bleeding test, and coaxial rotating cylinder viscometer

Table 1

Mix proportion for grouts used in the two-level fractional factorial design
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were used for testing the behaviour of fresh cement
grouts. The compressive strengths of grouts at 7 and 28
days of age were also measured. The established models
can identify parameters and the two-way interactions
that have significant effect on the rheological properties
and compressive strength of grouts. The models can be
used to evaluate the potential influence of adjusting mix
variables on grout properties required to ensure suc-
cessful development of grout. Such simulation can fa-
cilitate the test protocol needed to optimize grout with a
given set of performance criteria that can be tried in the
laboratory.

2. Statistical design approach

The technique of analysis used was a statistical
analysis of the results obtained from a set of experiments
[13]. This technique applied to cement material grout
can give a lot of information from a few experiments. A
241 fractional statistical experimental design (2! = 8)
was used to evaluate the influence of two different levels
for each independent variable on the relevant grout
properties. Four key parameters (k = 4) that can have
significant influence on mix characteristics of cement
grout were selected to derive mathematical models for
evaluating relevant properties. The four variables were
W/B, dosages of SP and VA, and proportion of LSP
as replacement of cement. The modelled experimental re-
gion consisted of mixes ranging between coded variables
of —1 to +1. The derived statistical models are valid for
mixes made with ranges of W/B of 0.35-0.42, dosages of
VA of 0.02-0.07%, by mass of binder (or 0.057-0.166%
of water), SP of 0.3-1.2%, by mass of binder, and the
proportion of LSP from 12 to 45% (Table 1). The model

Coded values

Actual values

W/B SP LSP VA W/B SP (%) LSP (%) VA (%)
Levels of factors 1 -1 -1 -1 -1 0.35 0.3 12.0 0.02
2 1 -1 -1 1 0.42 0.3 12.0 0.07
3 -1 1 -1 1 0.35 1.2 12.0 0.07
4 1 1 -1 -1 0.42 1.2 12.0 0.02
5 -1 -1 1 1 0.35 0.3 45.0 0.07
6 1 -1 1 -1 0.42 0.3 45.0 0.02
7 -1 1 1 -1 0.35 1.2 45.0 0.02
8 1 1 1 1 0.42 1.2 45.0 0.07
Centre points 9 0 0 0 0 0.385 0.75 28.5 0.045
10 0 0 0 0 0.385 0.75 28.5 0.045
11 0 0 0 0 0.385 0.75 28.5 0.045
12 0 0 0 0 0.385 0.75 28.5 0.045
Points of verification 13 0.14 0.00 0.09 —-0.60 0.39 0.75 30.0 0.03
14 0.43 0.33 -0.82 -0.20 0.40 0.90 15.0 0.04
15 0.71 0.44 0.39 1.00 0.41 0.95 35.0 0.07
16 0.43 0.33 0.24 -0.20 0.40 0.90 32.5 0.04
17 -0.14 -0.56 -0.52 -0.60 0.38 0.50 20.0 0.03
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consisted of eight factorials points where each variable
was fixed at two different levels.

Four replicate central points were prepared to esti-
mate the degree of experimental error for the modelled
responses. The central points consisted of mixes with
variables corresponding to 0.385, 0.75%, 0.045%, and
28.5% for W/B, dosage of SP, VA and LSP, respectively.
Finally, five random mixes were produced to establish
the accuracy of the derived models. The mixes were
produced and tested in random order, which is one of
the requirements of factorial experimental design.

The fresh cement grouts were tested with mini-slump
test, Marsh cone, Lombardi plate cohesion meter, in-
duced bleeding test, and coaxial rotating cylinder vis-
cometer. The compressive strengths were measured at
7 and 28 days.

The 17 mix combinations, expressed in coded and
actual values, considered in the experimental design of
grouts are listed in Table 1. The coded factors of vari-
ables are calculated as follows:

Coded Factor = (Actual value — Factor mean)/
(Range of the factorials values/2)

Coded W/B = (Actual W/B — 0.385)/0.035

Coded VA = (Actual VA — 0.045)/0.025

Coded SP = (Actual SP — 0.75)/0.45

Coded LSP = (Actual LSP — 28.5)/16.5

3. Material proportions and testing procedures

The grouts investigated in this study were prepared
using an ordinary Portland cement and limestone
powder. The chemical and physical properties of ce-
ment and limestone powder are presented in Table 2.
The limestone powder was produced from carbonifer-
ous limestone of a very high purity and was finer than
cement. The limestone had grading of 98% < 45 and
25% <5 pm.

A new generation of superplasticiser on the basis of
modified polycarboxylates was used with a solid content
of 30% and specific gravity of 1.11. The viscosity agent
was the Kelco—Crete welan gum that is a high molecular
weight, microbial polysaccharide. The welan gum was
supplied in a powder gum.

All grout mixes were prepared in a 5 1 planar-action
high-shear mixer. The mixing tap water had a temper-
ature of 16 £ 1 °C, which was measured before mixing
started. The viscosity agent was mixed with cement. The
superplasticiser was added to the water and mixed
together. Mixing time was measured from when the
limestone powder (the first solid component) was added
into the mix of water and superplasticiser. Finally, the
mix of cement and viscosity agent was added and all
components were mixed for 7 min from the start of

Table 2
Chemical and physical properties of cement and limestone powder
Cement Limestone
powder
SiO, 20.8 -
AL Os 5.0 -
F€203 3.2 -
CaO 63.7 -
MgO 2.6 0.2
Na,0 eq. 0.39 -
Free CaO 1.6 -
LOI 0.65 -
CaCOs - 99
Relative density 3.14 2.65
Specific surface area 385 -
(m? /kg)

Standard compressive strength (MPa)

Age (d) Cement
7 41.5
28 57.8

measuring time. The grout temperature following the
end of mixing was maintained at 20 + 2 °C.

Following the end of mixing, the properties of the
fresh cement grout were measured. The following tests
of the fresh cement grout were carried out (the figures in
brackets show the range of times when the individual
tests start after finishing of mixing): mini-slump test (1-2
min), Marsh cone (4-5 min), Lombardi plate cohesion
meter (10-15 min), coaxial cylinder rotation viscometer
(10-20 min), induced bleeding test (20-30 min) and unit
weight. Three cylinders with 50 x 55-mm diameter and
height were cast to determine 7 and 28 days compressive
strength.

The mini-slump test is based on the measurement of
the spread of grout placed into a cone-shaped mould.
The mini-slump cone has an upper diameter of 19 mm, a
lower diameter of 38.1 mm, and a height of 52.7 mm.
The cone is placed in the centre of a smooth plate and
the spread diameter of the grout after lifting of the cone
is measured.

The Marsh cone test is based on measuring the time
necessary for the flow of a particular volume of grout
through a flow-cone. Nowadays, different types of flow-
cone are used. A plastic funnel with a capacity of 1200
ml was used in this case. One half of the upper part of
the funnel was covered with a sieve. The grout was
placed in the funnel through this sieve, which prevented
large particles blocking the outlet. The funnel was wet-
ted before each test. A volume of 1100 ml of the grout
was placed in the cone with the outlet sealed and then
the time for the flow of each 100 ml of grout was re-
corded. The flow time of Marsh cone at 700 ml was
evaluated.
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The cohesiveness of the grout was measured with a
Lombardi plate cohesion meter [15]. The apparatus
consists of a thin steel plate (100 mm x 100 mm X 1
mm), on which the grout can stick, and an electronic
scale. The clean dry plate was weighed and then sub-
merged once into the grout. The plate was then with-
drawn and weighed again after any dropping of grout
stopped (Fig. 1).

The specific weight of the grout was measured by a
mud balance. This mud balance consists of a constant-
volume sample cup with lid connected to a balance arm.
A reader is moved along the balance arm to indicate the
scale reading. There is a knife edge attached to the arm
near the balance cup and a bubble level built into this
knife edge for levelling the arm. It was possible to cal-
culate the thickness of grout on each side of the plate
from the unit weight and the amount of grout sticking
to the steel plate.

The resistance of the fresh grout to induced bleeding
was evaluated using a pressure filter. The equipment
consists of a pressure vessel, filter paper, which is placed
on a sieve, and a graduated cylinder. A 200 ml grout
sample is placed in the pressure vessel. After closing the
cell, the graduated cylinder is placed under the outlet of
the cell. The cell is pressured by compressed air to 0.55
MPa. The volume of water going out through the outlet
on the bottom of the cell is recorded at 15 and 30 s, then
at every minute up to 10 min, and then at every 5 min up
to 30 min [16]. The results of this test are presented
as area under curve response time vs. volume of water
(Fig. 2).

The viscosity of cement grout is determined using a
coaxial rotating cylinder viscometer (smooth cylinders,
no serration) that enabled the determination of apparent
viscosity at different shear rates [17]. The test is con-
tained in the annular space between an outer cylinder
(rotor) with radius of 18.415 mm and a bob with radius
of 17.245 mm and height of 3.80 cm. The rotor and the
bob are plunged into a cup which contains 350 ml of
sample (Fig. 3) [17]. Viscosity measurements are made

100 x 100 x1 mm
steel plate

|Electr0nic scale | |

Fig. 1. Plate cohesion meter apparatus [15]. W/B = 0.35, SP = 1.2%,
VA = 0.02%, LSP = 45%.

W/B=0.35,SP =1.2%, VA =0.02%, LSP = 45%

0.05
2 0.04
8
5 0.03
s A
i rea
g 0.02
=2
&
> 0.01 \\
0 ~ T T
0 5 10 15 20 25 30
Time (s)
Fig. 2. Example of the results of induced bleeding test.
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Fig. 3. Coaxial rotating cylinder viscometer [17].

when the outer cylinder, rotating at a known speed,
causes a viscous drag to be exerted by the fluid. This
drag creates a torque on the bob, which is transmitted to
a precision spring where its deflection is measured and
then compared with the test conditions and the instru-
ment’s constants. The measurement is made for 12
speeds of rotor from 0.9 to 600 rpm when the values of
viscometer reading = 0 are recorded. The value of shear
stress = 7 (Pa) is calculated by including k; = torsion
constant of spring per unit deflection (N cm/deg.), k, =
shear stress constant for the effective bob surface (cm™3)
and k; = shear rate constant (s~'/rpm) [17].

The speed of rotor was increased step by step from 0
to 600 rpm and reading on viscometer with increasing
rotating speed was recorded. The reading of 6 was taken
when the needle in the viscometer was stabilised, or 30 s
after the change of speed in cases when the needle has
not stabilised which was caused by the thixotropy of the
cement grout. The measurement of the reading by de-
creasing rotating speed step by step allowed the assess-
ment of the thixotropy of grout between the ascending
and descending legs of the shear stress—shear rate rheo-
grams. The upcurve was chosen for final evaluation for
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better description of rheological behaviour of the grouts
including a structural breakdown phenomenon of inner
forces among particles [18,19].

The values of yield stress and plastic viscosity are
obtained from modified Bingham model [20], which is
described by the equation:

T:T0+Mp'))+c’)}2

where 7 = yield stress (Pa), u, = plastic viscosity (Pas),
y = shear rate (s~!), ¢ = constant.
The value of the constant c is mostly about 1073 and

Prob. > |¢] is the probability of getting an event greater ¢
statistic, in absolute value, that tests whether the true
parameter is zero. Probabilities less than 0.05 are often
considered as significant evidence that the parameter is
not zero, i.e. that the contribution of the proposed
parameter has a highly significant influence on the
measured response.

The presentation in Table 4 enables the comparison
of various parameters as well as the interactions of the
modelled responses. For the majority of parameters, the
probabilities that the derived coefficients of the various

parameters influence each response are limited to 5%.
This signifies that there is less than 5% chance, or 95%
confidence limit, that the contribution of a given pa-
rameter to the tested response exceeds the value of the
specified coefficient. A negative estimate signifies that an
increase of the given parameter results in a reduction
of the measured response.

Transformation was used for stabilising of the model
in two cases. For example, the transformation of natural
logarithm was used for plate cohesion meter and plastic
viscosity. In order to illustrate the method, assume that
responses Y; and Y, are functions of W/B, dosages of SP
and VA, and the proportion of LSP, then

Linear model:

less, which is much smaller than the value of plastic
viscosity u, and yield stress 7o, and for this reason this
constant is considered to equal zero.

The compressive strength was determined on 55 x 50-
mm cylinders (diameter x height). The specimens were
demoulded one day after casting and were stored in
water until testing at 7 and 28 days.

4. Test results and discussion
4.1. Derived statistical models

The test results for mixes investigated in this study are
given in Table 3. The various responses which resulted
from the designed experimental programme were anal-
ysed and plotted using a statistical software package
[14]. The derived statistical models for all these tests
results with correlation coefficient, Prob. > |¢| values
and prospective transformation were shown in Table 4.
The estimates for each parameter refer to the coefficients
of the model found by a least-squares approach. The

Y1 = a0+a1W/B+aZSP+a3LSP+a4VA
+asW/BSP + ac W/BLSP + a; W/BVA + ¢
Natural logarithm:

InY, = ag + a W/B+a2SP+a3LSP—|—a4VA
+asW/BSP + asW/BLSP + a; W/BVA + ¢

Table 3
Results of testing methods used for individual mixes
Mix Mini-slump Flow time (s) Cohesion Viscometer Induced Jfo 7 days 7 28 days
(mm) meter (mm) Yield value Plastic vis- bleed.ing (MPa) (MPa)
(Pa) cosity (Pas) (L-min)
1 77.0 NM 1.350 11.18 0.52 1.09 40.3 47.5
2 61.5 NM 1.409 8.40 0.40 1.22 26.7 34.7
3 77.0 NM 1.068 10.77 1.17 0.93 38.3 39.2
4 179.5 81.4 0.082 1.81 0.11 0.51 29.7 335
5 64.5 NM 1.742 4.43 0.79 0.92 23.0 314
6 118.0 184.3 0.570 11.26 0.17 1.29 17.0 23.7
7 142.0 174.3 0.079 2.55 0.17 1.29 25.5 26.8
8 172.5 197.5 0.164 5.46 0.13 1.40 17.7 20.0
9 113.0 321.7 0.445 10.98 0.35 1.24 35.0 37.9
10 126.0 295.9 0.362 10.18 0.33 1.30 29.1 39.2
11 116.0 474.2 0.318 9.81 0.27 1.25 323 34.1
12 111.5 566.9 0.271 9.09 0.29 1.25 27.8 33.5
13 150.5 61.0 0.144 6.15 0.19 1.28 29.9 40.0
14 104.5 NM 0.430 10.25 0.24 1.52 34.8 453
15 134.0 >20 min 0.221 9.77 0.20 1.01 24.2 28.9
16 142.0 242.4 0.153 6.47 0.16 1.32 30.0 338
17 117.0 702.4 0.296 9.00 0.31 1.35 34.4 42.5

NM: not measurable.
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Table 4
Parameter estimates of seven statistical models
Mini-slump Plate cohe- Yield value Plastic vis- Induced f7 7 days /7 28 days
(mm) sion meter (Pa) cosity (Pas) bleeding (MPa) (MPa)
(mm) (L min)
R? =099 R? =097 R? =0.97 R? =097 R? =099 R? =091 R? =093
Estimate Estimate Estimate Estimate Estimate Estimate Estimate
Prob. > || Prob. > [1| Prob. > [t| Prob. > || Prob. > [1] Prob. > [1| Prob. > [¢|
Transform none natural log none natural log none none none
a;  Intercept 111.50 -0.77 6.98 -1.18 1.08 27.28 32.10
a W/B 21.37 0.00 -0.37  0.01 -0.25 0.37 -0.56  0.00 0.024 0.08 -4.50  0.00 -4.13  0.00
a; SP 31.25 0.00 -0.93  0.00 -1.84  0.00 -0.28 0.01 —-0.048 0.01 - - -2.23  0.03
a; LSP 12.75 0.00 -0.32  0.02 -1.06 0.01 -0.28 0.01 0.14  0.00 -6.48  0.00 -6.63  0.00
as VA -17.63 0.00 0.56  0.00 0.28 0.31 042 0.00 0.038 0.02 - - - -
as  W/BSP 11.88 0.00 - - -1.26 0.01 - - -0.1 0.00 - - - -
a;  WI/BLSP - - 0.27 0.04 2.68 0.00 - - 0.1 0.00 - - - -
as  W/BVA - - - - - - -0.16  0.06 0.17  0.00 - - — -

where gy denotes the overall mean; coefficients a, rep-
resent model constants (contribution of independent
variables on the response), and ¢ is the random error
term representing the effects of uncontrolled variables.
The third order interaction is usually neglected.

For example, mini-slump, plate cohesion meter, yield
value, plastic viscosity, induced bleeding and f! at 28
days are given in Eqgs. (1)—(6), respectively.

Mini-slump (mm) = 111.5+ 31.3SP +21.4W/B
—17.6 VA + 12.75LSP
+11.9W/BSP (1)
In Plate cohesion meter (mm)
= —-0.77-0.93SP + 0.56 VA — 0.37W/B
—0.32LSP + 0.27W/BLSP (2)
Yield value (Pa) =7 +2.7W/BLSP — 1.8SP
—1.3W/BSP — 1.1LSP
+03VA-03W/B (3)
In Plastic viscosity (Pas) = —1.2 — 0.56W/B
+ 0.42VA — 0.28SP
—0.28 LSP
—0.16 W/BVA 4)

Induced bleeding (L min)
=1.1+0.17W/BVA +0.14LSP — 0.1 W/BSP
+0.1W/BLSP + 0.05SP — 0.04 VA + 0.03W/B

f¢ at 28 days (MPa) = 32.1 — 6.6LSP — 4.1 W/B
—22SP (6)

The correlation coefficients of the proposed models
for mini-slump test, plate cohesion meter, yield value,

plastic viscosity, induced bleeding and compressive
strength at 7 and 28 days are 0.99, 0.97, 0.97, 0.97, 0.99,
0.91 and 0.93, respectively. The high correlation coeffi-
cient of most responses demonstrates excellent correla-
tion where it can be considered that at least 95% of the
measured values can be accounted for with the proposed
models.

Table 5 indicates the average measured response of the
four replicate grouts, coefficient of variation, estimated
error with 95% confidence limit, as well as relative error
for each of the measured properties. The estimated error
of cement grout for mini-slump, plate cohesion meter,
yield value, plastic viscosity, induced bleeding, and
compressive strengths at 7 and 28 days were +£6.6 mm,
40.08 mm, 4+0.80 Pa, +0.04 Pas, +0.026 L min, 43.3,
and +2.9 MPa, respectively.

The relative experimental errors for mini-slump, yield
value, plastic viscosity and compressive strength are
shown to be limited to 2-12%. On the other hand, the
relative error for the plate cohesion meter was 22%. This
value is expected to decrease with the increase in relative
cohesion plate value, since the mean of cohesion plate
value of the grout corresponding to the central points
was slightly low.

The flow time model is not given as the results of
the Marsh cone could not be used for final evalua-
tion because the grouts with high level of viscosity
agent (0.07%) had such high viscosity that they were
unable to flow through the 5-mm-outlet of the funnel.
In this case, an outlet bigger than 5 mm is recom-
mended.

4.2. Accuracy of the proposed models

The accuracy of the statistical models was determined
by comparing average values of predicted/measured
ratio for mixes of grout which were produced for verifi-
cation of two-level fractional factorial design. The aver-
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Table 5
Repeatability of test parameters
Mini-slump  Plate cohesion  Viscometer Induced bleed-  f! 7 days /! 28 days
meter Yield value  Plastic viscosity ing in 30 min
Mean (n = 4) 116.6 mm 0.35 mm 10.0 Pa 0.31 Pas 1.26 L min 31.1 MPa 36.2 MPa
Coefficient of variation (%) 5.6 21.3 7.9 12.3 2.0 10.4 7.8
Estimated error (95% 6.6 mm 0.08 mm 0.80 Pa 0.04 Pas 0.026 L min 3.3 MPa 2.9 MPa
confidence limit)
Relative error (%) 5.7 21.7 8.0 12.5 2.1 10.6 7.9

age predicted/measured ratios for mini-slump test, plate
cohesion meter, yield value, plastic viscosity, induced
bleeding test, and compressive strengths at 7 and 28 days
are summarised in Table 6.

The ratios between predicted and measured proper-
ties of cement grout ranged between 0.83 and 1.05,
thus indicating good accuracy for established models to
predict the mini-slump test, yield value, plastic viscosity,
induced bleeding, and compressive strength at 7 and 28
days. In general, the proposed models to predict mini-
slump, yield value, plastic viscosity, induced bleeding
and compressive strength appear to be satistifactory in
predicting the fluidity, rheology, induced bleeding and
compressive strength. On the other hand, the average
value of predicted/measured ratio of plate cohesion
meter was slightly higher (1.45).

4.3. Isoresponses of the proposed models of the key
variables

4.3.1. Mini-slump

The proposed statistical models can therefore be used
to evaluate the effect of a group of variables on the
properties affecting the quality of cement grout. This

permitted the calculation of the isoresponse curves from
the parameters under study over the experimental do-
main and the optimisation of their effects. As shown in
Table 4, the mini-slump is influenced, in order of sig-
nificance, by the dosage of SP, W/B, the dosage of VA,
the proportion of LSP and the interaction effect of W/
B SP. The dosage of SP is shown to exhibit the greatest
effect on the mini-slump. The increase in SP has ap-
proximately 1.8 and 1.5 times greater influence on in-
creasing mini-slump than the decrease in the dosage of
VA and the increase in W/B, respectively (31.3 vs. —=17.6
and 21.4). For example, the effect of increasing W/B
ratio on mini-slump vs. the proportion of LSP, when
dosages of SP and VA were fixed at 0.75% and
0.05%, respectively, or vs. dosage of SP of 0.75% and the
proportion of LSP of 28.5%, respectively, or vs. the
dosage of VA of 0.05% and the proportion of LSP of
28.5%, is shown in Fig. 4. For any given W/B ratio and
dosages of SP and VA fixed at 0.75% and 0.05%, re-
spectively, the mini-slump increased significantly
when the proportion of LSP increased (Fig. 4(a)). Sim-
ilarly, the mini-slump increased when the dosage of SP
increased while the dosage of VA and the proportion
of LSP were fixed (Fig. 4(c)). On the other hand, the

Table 6
Predicted/measured ratios for mixes of established models
Testing method Mini-slump Cohesion meter Viscometer Induced bleeding f! 7days  f 28 days
Yield value Plastic viscosity
Verification points 0.97 1.45 0.85 1.05 0.87 0.87 0.83
450 0.07 12
100 115 130 85 100/ 115 115 \130 45\16\0
36.8 0.061 1,000
S S 130 <
5 285- < 005 L 0.81
Ay
: 203 N g 0.03 ” N
: ‘ 145 0.51
SP=0.75, VA=0.05 SP=0.75,LSP=28.5 LSP=28.5, VA=0.05
120 : . ; 0.02 —— y 03 — .
0.35 037 039 040 042 0.35 037 039 040 0.42 0.35 037 039 040 042
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Fig. 4. Isoresponse curve for mini-slump test with W/B vs. LSP (%) or VA (%) or SP (%).
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mini-slump reduced when the dosage of VA increased
while the dosage of SP and the proportion of LSP were
kept constant (Fig. 4(b)).

4.3.2. Plate cohesion meter

As shown in Table 4, plate cohesion meter is influ-
enced, in the order of significance, by the dosages of SP
and VA, the W/B and the proportion of LSP. The in-
crease in W/B has a fairly similar influence on the plate
cohesion meter as the increase in the proportion of LSP
(—0.37 vs. —0.32). By comparing the effect of SP and VA
dosages on the plate cohesion meter, the increase of
dosage of SP can then be interpreted to have approxi-
mately 1.7 times greater influence on the reduction of
the plate cohesion value than the increase in VA, given
that the W/B and the proportion of LSP are held con-
stant. Fig. 5 shows an example of isopresponse curves of
the plate cohesion meter vs. W/B for fixed values of SP
and VA or SP and LSP or LSP and VA. For fixed values
of SP and VA at 0.75% and 0.045%, respectively, the
plate cohesion meter decreased when the W/B increased
or the proportion of LSP increased (Fig. 5(a)). The in-
crease of the dosage of SP, for any given W/B and fixed
LSP proportion and VA dosage, led to a reduction in
the plate cohesion meter (Fig. 5(c)).

4.3.3. Yield value

As shown in Table 4, the quadratic effect of W/B LSP
is shown to exhibit the greatest effect on the yield value
following by the dosage of SP (2.7 and —1.8). The in-

crease of W/B and the proportion of LSP reduced the
yield value. The model (Eq. (3)) shows that the increase
of the dosage of SP is more efficient in reducing yield
value than an increase in the proportion of LSP (—1.8 vs.
—1.1). For example, the effect of increasing W/B ratio on
yield value vs. the proportion of LSP, when dosages of
SP and VA were fixed at 0.75% and 0.05%, respectively,
or vs. dosage of SP of 0.75% and the proportion of LSP
of 28.5%, respectively, or vs. the dosage of VA of 0.05%
and the proportion of LSP of 28.5%, is shown in Fig. 6.
The yield value seemed to decrease with increased W/B
up 0.40, then tended to increase beyond this threshold
value (Fig. 6(a)). For fixed dosages of SP and VA, the
yield value increased significantly up to about 0.40 of W/
B and higher proportion of LSP (up to 29%). At lower
proportions of LSP, however, a decrease of yield value
was observed with an increase in W/B (Fig. 6(a)).

4.3.4. Plastic viscosity

Plastic viscosity is influenced, in order of significance,
by the W/B, the dosage of VA, the dosage of SP and
the proportion of LSP. The W/B is shown to have
the greatest effect on the plastic viscosity (Eq. (4)). The
increase of W/B has approximately 1.3 times greater
influence on reducing the plastic viscosity than the de-
crease in the dosage of VA (—0.56 vs. 0.42). The model
(Eq. (4)) shows that the effect of changing the dosage of
SP on the plastic viscosity is similar to that of the pro-
portion of LSP (-0.28 vs. 0.28). By comparing the effects
of SP and VA on the plastic viscosity, it can be observed

SP=0.75,VA=0.05
12.0 A 0.02

0.07 1.2
0.34 1 0.5 0.3 0.2
0.31 0.06 1 1.01._0.45
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< 0.05 & 08407
> &
L0

SP=0.75, LSP=28.50

0.25
0.57T™~~

LSP=28.5,VA=0.05 -
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‘035 037 039 040 0.42
@ wib ()

035 037 039 040 0.42
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Fig. 5. Isoresponse curve for Lombardi plate cohesion meter with W/B vs. LSP (%) or VA (%) or SP (%).
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Fig. 6. Isoresponse curve for yield value with W/B vs. LSP (%) or VA (%) or SP (%).
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that the effect of VA is higher than that of SP (0.42 vs.
—0.28). For example, the effect of increasing W/B ratio
on plastic viscosity vs. the proportion of LSP, when
dosages of SP and VA were fixed at 0.75% and 0.05%
respectively, or vs. dosage of SP of 0.75% and the pro-
portion of LSP of 28.5%, respectively, or vs. the dosage
of VA of 0.05% and the proportion of LSP of 28.5%, is
shown in Fig. 7. The increase in W/B and/or the pro-
portion of LSP led to a reduction in plastic viscosity

(Fig. 7(a)).

4.3.5. Induced bleeding

The influences of the proportion of LSP and the
dosages of SP and VA are highly significant on the in-
duced bleeding according to the ANOVA. The propor-
tion of LSP is shown to exhibit the greatest effect as a
primary variable on the induced bleeding compared to
the dosages of SP and VA (0.14 vs. —0.05 or 0.04).
However, the ANOVA shows that the two-factor in-
teraction of W/B VA is highly significant and has the
greatest effect on induced bleeding. The interactions
between W/B SP and W/B LSP are significant and have
opposite effect (—0.1 vs. 0.1). The increase in SP dosage
has a greater influence on reducing the induced bleeding
than the increase in VA dosage (—0.05 vs. 0.04). For
example, the effect of increasing W/B ratio on induced
bleeding vs. the proportion of LSP, when dosages of SP
and VA were fixed at 0.75% and 0.05%, respectively, or
vs. dosage of SP of 0.75% and the proportion of LSP of
28.5%, respectively, or vs. the dosage of VA of 0.05%
and the proportion of LSP of 28.5%, is shown in Fig. 8.

For fixed dosage of VA and the proportion of LSP, the
increase in SP led to an increase in induced bleeding for
lower W/B up to 0.38. However, for higher W/B (be-
tween 0.38 and 0.42), the increase of the dosage of SP
resulted in a reduction in the induced bleeding (Fig.
8(c)). This is due to the improved dispersion and pack-
ing of cement grains associated with greater SP dosage.
The resulting increase in fluidity (Fig. 4) and particle
packing (versus flocculated cement grains that have a
lower packing density) can substantially reduce the
tendency of water to percolate among cement grains
under a given head, which reflects the permeability of
the fresh grout. These results concur with the findings of
other researchers [3,4]. For lower W/B (lower than 0.38),
the increase in VA dosage exhibited a reduction in the
induced bleeding, however for higher W/B beyond 0.39,
the induced bleeding seemed to increase as the dosage
of VA increased (Fig. 8(b)).

4.3.6. Compressive strength

The ANOVAs given in Table 4 show that the effect of
W/B is highly significant on compressive strength at 7
and 28 days and has the greatest effect on strength. The
compressive strength decreased, as W/B increased. The
proportion of LSP and the dosage of SP are also highly
significant on compressive strength. The increase of the
proportion of LSP or the dosage of SP led to a reduction
in compressive strength at 28 days. The effect of the
proportion of LSP on compressive strength was greater
than that of W/B and SP dosage.

450 0.07 L
04 \0.28 o.& yﬁ.s 0.4 /028 04 \ 028 0.1§\
368 0.067 0.2 104
g S 9
N 02 & | S 0.2
& 285 .55 < 005 & 08055
203 0.03 0.15 0.5
SP=0.75,VA=0.05 SP=0.75,LSP=28.5 LSP=28.5,VA=0.05
12.0 -~ 0.02 — 0.3 —
035 037 039 040 042 035 037 039 040 042 035 037 039 040 042
(a) wib (b) wib (c) wib

Fig. 7. Isoresponse curve for plastic viscosity with W/B vs. LSP (%) or VA (%) or SP(%).
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Fig. 8. Isoresponse curve for induced bleeding test with W/B vs. LSP (%) or VA (%) or SP (%).
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4.4. Trade-off between SP and VA

Contour responses showing the influence of SP and
VA dosages on mini-slump and plate cohesion meter,
and mini-slump and yield value for grouts made with
fixed W/B of 0.35 and 12% of LSP are presented in Fig.
9. As expected, for a given SP dosage, the contour dia-
grams of Fig. 9(a) indicate that the increase in VA
dosage reduces the mini-slump while the plate cohesion
meter increases. For example, for mini-slump of 90 mm,
a mix grout with 0.6% of SP and 0.02% of VA can en-
sure the fluidity of 90 mm. The increase in VA dosage to
0.042% resulted in a reduction of mini-slump to 75 mm.
However, by increasing the SP from 0.6% to 0.97%, the
mini-slump can be re-established to 90 mm. For the
same mix, with 0.6% of SP and 0.02% of VA, the in-
crease in VA dosage to 0.042% increased the plate co-
hesion meter from 0.9 to 1.4 mm. The plate cohesion
meter can be re-established to 0.9 mm by increasing
SP dosage to 0.84%.

For a given VA dosage, the results from Fig. 9(b)
indicate that the increase in SP led to an increase in
mini-slump and a reduction in the yield value. For ex-

0.07
0.06

g 0.05 1

<
0.03
0.02 ¢ w22

030 0.53 0.75 0.97 120
SP (%)
(a)
w/b=0.35, LSP=12%

— Mini-slump

——- Plate cohesion meter

ample, a grout made with 0.05% of VA and 0.3% of SP
had mini-slump of 60 mm and yield value of 11.5 Pa.
The increase of SP to 1% resulted in an increase of mini-
slump to 90 mm and a reduction of yield value to 10.6
Pa. However, by reducing the VA from 0.05% to 0.02%
for the same SP of 0.3%, the mini-slump increased to
75 mm and the yield value decreased to 11.25 Pa.
Contour responses showing the influence of SP and
VA dosages on plastic viscosity and induced bleeding
with mix made with 0.35 of W/B and LSP of 12% and
0.42 of W/B and LSP = 45%, are presented in Fig. 10(a)
and (b), respectively. For given VA and SP dosages, the
increase of W/B and the proportion of LSP resulted in
an increase in induced bleeding and a reduction in
plastic viscosity. For example, for grout made with 0.42
W/B and 45% of LSP, plastic viscosity and induced
bleeding of 0.145 Pas and 1.40 L min are obtained with
0.66% of SP and 0.052% of VA. The increase of SP to
0.97% resulted in a reduction of plastic viscosity and
induced bleeding to 0.12 Pas and 1.30 L min, respec-
tively. With 0.050% and 0.3% of VA and SP, a grout
made with 0.35 of W/B and 12% of LSP had a plastic
viscosity and induced bleeding of approximately 0.9 Pas

030 053 075 097 1.20
SP (%)

® w/b=0.35, LSP=12%
— Mini-slump —— Yield value

Fig. 9. Contour diagram of mini-slump and Lombardi plate cohesion meter and yield value (W/B = 0.35 and LSP = 12%).
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and 0.95 Lmin, respectively. The increase of W/B and
LSP to 0.42 and 45%, respectively, would result in a
drop of plastic viscosity to 0.17 Pas and an increase in
induced bleeding to 1.50 L min.

4.5. Correlation of testing methods

The flow of grout is very sensitive to its shear history.
The above tests were carried out with extreme care in
order to keep the shear history, the experimental pro-
cedures and their timing as constant as possible. Hence,
it is interesting to assess the various possible correlations
between the different tests carried out.

Fig. 11 shows the relationship between three rheo-
logical values which are characteristic of the grout at
low shear rates: mini-slump, plate cohesion meter and
yield value. The coefficient of correlation R*> between
mini-slump and plate cohesion meter, and the mini-
slump and yield value are 0.95 and 0.56, respectively.
The relationship seemed to follow polynomial second-
order model and showed that when the mini-slump

Y = 0.0002 X°- 0.0496 X + 4.051

2.0

747

increases the plate cohesion meter and the yield value
decrease. The relationship between mini-slump and the
plate cohesion meter was very good. Fig. 12(a) and (b)
illustrate the correlations between rheological charac-
teristics of grouts at low and high shear rates: the plate
cohesion meter and plastic viscosity, mini-slump and
plastic viscosity. The coefficients of correlation between
plate cohesion meter and plastic viscosity, and the mini-
slump and plastic viscosity are 0.80 and 0.75, respec-
tively (R?> = 0.80 was obtained without the result of mix
3). Fig. 12 shows that the increase in plastic viscosity led
to an increase in plate cohesion meter and a reduction
in mini-slump.

In Fig. 13(a) and (b), the relationship between in-
duced bleeding and mini-slump, and induced bleed-
ing and plastic viscosity are presented. It seems that
there is no correlation between mini-slump and induced
bleeding. However, Fig. 13(b) shows a good relation-
ship between induced bleeding and plastic viscosity
(R? = 0.85, without taking account of the results from
mixes 3, 4 and 15). The induced bleeding was inversely
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Fig. 11. Correlations between mini-slump, plate cohesion meter and yield value.
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Fig. 12. Correlations between plastic viscosity vs. plate cohesion meter or vs. mini-slump.
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Fig. 13. Correlations between induced bleeding vs. mini-slump or vs. plastic viscosity.

proportional to the plastic viscosity. This finding con-
firms what has been reported by Nedhi et al. [12].

5. Conclusions

The influence of different W/B, dosage of SP, the
proportion of limestone powder and the dosage of vis-
cosity agent combinations on rheology behaviour of
cement grout were investigated. Based on the results
presented in this paper, the following conclusions can be
drawn:

(1) The W/B ratio is shown to exhibit a great effect
on mini-slump, plastic viscosity and compressive
strength. The increase in W/B ratio has an influence
on increasing mini-slump and induced bleeding, and
decreasing plastic viscosity, plate cohesion meter
and compressive strength.

(2) The mini-slump, plate cohesion meter, and yield
value of grouts are dominated primarily by the dos-
age of SP. The increase in the SP dosage led to an
increase in mini-slump and a reduction in plate
cohesion meter, yield value, and plastic viscosity.
However, the induced bleeding seemed to increase
when the SP dosage increased for low W/B, and
reduced with higher W/B.

(3) The viscosity agent significantly affected the mea-
sured properties of this study, except compressive
strength. The increase in VA dosage is shown to ex-
hibit a reduction in mini-slump and an increase in
plate cohesion meter and plastic viscosity. For low
W/B, the increase in VA dosage reduced the induced
bleeding, and increased it when W/B is higher.

(4) For a given W/B, and dosages of SP and VA, the
mini-slump and induced bleeding increased when
the proportion of LSP increased, while the plate co-
hesion meter, yield value, plastic viscosity and com-
pressive strength reduced. The LSP replacement of
cement had a greater effect on compressive strength
than the change of W/B ratio.

(5) The proposed method can be used with other sets of
materials such as fly ash or ground granulated blast

slag as replacement of cement, to predict the rheo-
logical properties and compressive strength of grout
but the differences between the predicted and mea-
sured values will then indicate the effect of the new
materials on the accuracy of the proposed models.
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