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using characteristics of sand and UCS of pure grout
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Abstract.

For quality control and the economical design of grouted sand, the prior establishment of the unconfined

compressive strength (UCS) estimating formula is very important. This study aims to develop an empirical UCS estimating
formula for grouted sand based on the physical properties of sands and the UCS of cured pure grout. Four sands with varying
particle sizes were grouted with both microfine cement and Ordinary Portland cement. Grouted specimens were prepared at
three different relative densities and at three different water-to-cement ratios, and unconfined compression tests were performed.
The results demonstrate that UCS of grouted sand can be expressed as the power function of the UCS of cured pure grout:

UCSgrouted sand / 1 MPa = Agit * (UCSpure / 1 MPa)N. Because the exponent N strongly depends on the combination of pore area and

pore size, N is expressed as the function of porosity (n) and specific surface (S.). Additionally, because S, determines the area of
the sand particle that cement particles can adsorb and n determines the number of cementation bondings between sand particles,
Asil is also expressed as the function of n and S,. Finally, the direct relationship between Asi and N is also investigated.
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1. Introduction

Grouting is a method of injecting various cementitious
materials into voids, fissures, and cavities in grounds to
improve their engineering properties, such as increasing the
strength and stiffness and decreasing hydraulic conductivity
(Celik 2019, Chang et al. 2016, Gopinathan and Anand
2018, Nonveiller 2013). Therefore, grouting has been
widely used to achieve various purposes, including
increasing the bearing capacity of foundations, enhancing
the stability of slopes and underground structures, and
mitigating liquefaction susceptibility (Abramson et al.
2002, Brachman et al. 2004, Dano et al. 2004, Gallagher
and Mitchell 2002, Gallagher et al. 2007, Hoek 2001, Hsiao
et al. 2016, Li et al. 2017, Pantazopoulos and Atmatzidis
2012, Van der Stoel 2001, Zebovitz et al. 1989).

Because the grouting method has many uncertainties
regarding the control of the shape and position of the grout
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suspension in the field, the measurement of the unconfined
compressive strength (UCS) of the grouted specimen
retrieved by coring or sampling from a grouted ground is
widely used to identify and judge the quality of the
reinforcement or improvement after the injection of grout.
However, coring or sampling is an expensive and time-
consuming process to prepare the specimen for an
unconfined compression test, and it can even disturb the
grouted ground. Therefore, for the quality control of the
grouted sand, previous researchers have suggested many
empirical correlations to estimate the UCS of grouted sand
(Avci and Mollamahmutoglu 2016, Dano ef al. 2004, Kaga
and Yonekura 1991, Markou and Droudakis 2013,
Sunitsakul et al. 2012, Tinoco ef al. 2011). Additionally, the
establishment of empirical UCS estimating formulas is
quite appealing because a prior estimation of the strength of
grouted sand before injecting the grout into the sand deposit
benefits the economical design of soil stabilization.

The present experimental investigation focuses on
suggesting the empirical formula to estimate the UCS of
sand grouted with microfine cement using the physical
properties of sand such as specific surface and porosity and
the UCS of cured pure grout (or cured cement suspension).
Therefore, various factors that affect the UCS of cured pure
grout such as water-to-cement ratio and cement type, and
those determining physical properties of sand such as
median particle size and relative density (or porosity) were
selected as the testing variables in this study, and a bleeding
test, viscosity measurement, and unconfined compression
test were performed.
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2. Background

The unconfined compressive strength of grouted sand
(UCSgrouted sand) 1s controlled by various factors, including
the water-to-cement ratio (W/C), relative density (or
porosity), particle size, mineralogy, fines content, specific
surface of both sand and cement, types of grout, and curing
period (Avci and Mollamahmutoglu 2016, Consoli et al.
2007, Kaga and Yonekura 1991, Markou and Droudakis
2013, Ozgurel and Vipulanandan 2005, Zebovitz et al.
1989). Table 1 summarizes several existing UCS estimating
formulas for grouted sand.

Case 1 in Table 1 is the UCS estimating formula
suggested by Kaga and Yonekura (1991) based on the
experimental results of sands grouted with a silicate. Kaga
and Yonekura (1991) noted that B in Case 1 in Table 1 is the
UCS of ungrouted pure sand, and A, and N are the fitting
parameters related to the properties of sand, such as a
volumetric specific surface and porosity (n) (or relative
density). Therefore, the formula of Kaga and Yonekura
(1991) highlights the importance of the UCS of cured pure
grout (UCSpue) and the properties of sand to the proper
determination of UCS grouted sand-

Case 2 in Table 1 is the UCS estimating formula
suggested by Dano et al. (2004) based on the experimental
results of Fontainebleau sand grouted with microfine
cement at a relative density of around 78%. Note that W/C
determines the UCSpur, which will be shown in the later
part of this study; therefore, the formula of Dano et al.
(2004) highlights the importance of the UCSpu. to the
determination of UCS grouted sand-

Case 3 in Table 1 is the UCS estimating formula
suggested by Ozgurel and Vipulanandan (2005) based on
the experimental results of sand grouted with acrylamide.
Because the particle size of sand corresponding to 10% pass
(Djo) is strongly related with the specific surface (S,) of
soils, the formula of Ozgurel and Vipulanandan (2005)
implies the importance of S, and UCS,u.. to the proper
determination of UCS grouted sand-

Sunitsakul ef al. (2012) (Case 4 in Table 1) predicted the
UCS of sand grouted with cement at 7 days of curing time.
Because the California bearing ratio (CBR) is strongly
dependent on the packing density of soils, the formula
suggested by Sunitsakul et al. (2012) highlights the
importance of n of sand and the UCSpu., which is
determined by W/C, to the determination of UCS grouted sand-

Markou and Droudakis (2013) (Case 5 in Table 1)

proposed the empirical UCS estimating formula of the sand
grouted with microfine cement as the function of hydraulic
conductivity (k). Because the variation of k& can be
effectively captured by D;y (Hazen equation) or S, and n
(Kozeny-Carman equation) (Choo ef al. 2018), the formula
of Markou and Droudakis (2013) highlights the importance
of S, and n to the determination of UCS grouted sand-
The comparison of various empirical UCS estimating
formulas in Table 1 demonstrates that UCSgouted sand 1S
mainly determined by the characteristics of sand and pure
grout (Sy, 7, and UCSpure grout). Therefore, the main object of
this study is to suggest the UCS estimating formula of
grouted sand as the function of S, n, and UCSure.

Table 1 Selected previous UCS estimating formulas for
grouted sands

Case Equations Reference

UCSgrouted sanda = B + Asoil Kaga and Yonekura

N
! X (UCSpure grout) (1991)
-2.0
2 UCS,routed sand = 40 X (E) Dano et al. (2004)
Dy \ % Ozgurel and
ucs, =6.0 x ( ) zgurel an
3 grouted sand 1 mm Vipulanandan
X chpure grout (2005)
CBR\ 578 Sunitsakul et al.
4 chgrouted sand — 0.427 x (W—/C) (2012)
5 chgrouted sand — 1.08 x (k)_0'47 Markou and

Droudakis (2013)

where UCSgrouted sand = unconfined compressive strength of
grouted sand; UCSpue gouw = unconfined compressive
strength of cured pure grout; W/C = water-to-cement ratio;
CBR = California bearing ratio; Do = effective particle
size; and k = hydraulic conductivity

3. Experimental program
3.1 Materials

Four angular silica sands (Kyung-In Co., South Korea)
were used in this study. The four sands, K3, K4, K5, and K6
have different median particle sizes (Dsg) ranging from 1.65
mm to 0.47 mm as shown in Fig. 1. No fine particle (<75
um) is included in the specimen to prevent any potential
issue (e.g., clogging) due to fines migration (Zheng et al.
2018). All tested sands can be classified as SP (poorly
graded sand) according to the unified soil classification
system (USCS). Table 2 summarizes index properties of the
tested sands. Note that the values of specific surface (S, =
surface area / mass), which were calculated using Egs. (1)
(Santamarina et al. 2001) for the tested sands, are also
included in Table 2.

3(Cy+7)

S, =——m—m—
“ 4 py " Gs - Dsg

(D
where C, = uniformity coefficient; p,, = mass density of
water; and G, = specific gravity.

Commercially available microfine cement (Ssangyong
Company, South Korea) and Ordinary Portland cement
(OPC) (Hanil Company, South Korea) were selected to
prepare the cement grout suspension. The maximum
particle size and specific surface of the microfine cement
are finer than 15 pm and greater than 860 m¥kg,
respectively (data from the manufacturer). In the case of
OPC, the maximum particle size is around 30 um, and the
specific surface is 280 m*kg (data from the manufacturer).

3.2 Sample preparation

Fig. 2 shows the sample preparation equipment used in
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Fig. 1 Particle size distribution curve of tested sands.
Data are fitted by Fredlund et al. (2000)

Table 2 Index Properties of tested sands

Type G, (Ig:fl ) (glll?l) Cu Crax enin cnfg /o)
K3 265 1.65 1.30 1.13 1.08 0.72 13.99
K4 265 1.01 0.87 1.19 1.08 0.71 23.02
KS 265 0.80 0.54 1.47 1.07 0.69 30.05
K6 265 047 0.33 1.52 1.03 0.66 51.46

Note: G, = specific gravity; Dso = median particle size; Dio
= effective particle size; C, = uniformity coefficient; eu. =
maximum void ratio; e, = minimum void ratio; and S, =
specific surface
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Fig. 2 Schematic drawing of the sample preparation
equipment

this study, including the transparent split mold, grouting
tank, and air compressor, which is similar to the
experimental setup of Dano ef al. (2004) and Avci and
Mollamahmutoglu (2016). The dimensions of the split mold
are 50 mm in inner diameter and 450 mm in height. To
reduce bleeding, a 3% and 5% bentonite (Duksan, South
Korea) of dry cement mass was added in the preparation of
cement suspension, and all cement suspensions (i.e., pure
grout) were prepared with the following processes: the
predetermined amount of the bentonite was mechanically
mixed with deionized water corresponding to 30% of the

weight of a target W/C for 5 minutes (Azadi et al. 2017);
the remaining amount of water and predetermined amount
of the microfine cement (or OPC) were poured into the
bentonite slurry, and the mixture was mixed for another 5
minutes with a mechanical stirrer. Then, the suspension was
transferred into the grout tank and mixed with a speed of
600 rpm to prevent segregation.

To prepare a homogeneous sand specimen, a water
pluviation method was used in this study (Chaney and
Mulilis 1978). Coarse gravel of 10 mm in thickness and
wire mesh were placed at the top and bottom of the mold to
avoid segregation and to inject the grout suspension
uniformly. A rubber hammer was used to tap the specimens,
targeting three different relative densities (i.e., Dr = 30, 50,
and 70%) of tested sand. After the sand column in the mold
was completely built, the grout was injected into the bottom
of the sand column. When the volume of injected
suspension reached two times void volume of the sand in
the column, the injection was finished (Aveci and
Mollamahmutoglu 2016). The maximum injection pressure
was less than 700 kPa in this study, preventing fracturing or
particle movement during injection (Mahabadi and Jang
2017). After injection, the specimens were kept in the mold
for 3 days. After 3 days, grouted specimen was detached
from the mold and cut to a height of 110 mm. Note that a
lubricant lightly covered the inside of the mold for easy
detachment of specimens from the mold. Then each
specimen was stored and cured under a submerged
condition with 23°C (+0.5°C) for 7, 14, and 28 days in a
sealed container.

3.3 Testing methods

Three different W/C ratios of 1.0, 1.5, and 2.0 were
selected for all experiments in this study, including the
bleeding test, viscosity measurement, and unconfined
compression test.

For the bleeding test (ASTM-C940-98a 2003), the
cement suspension was poured into a 1000 mL graduated
cylinder until the volume of the suspension reached 800+10
mL. The bleeding was measured at 15 minutes intervals for
the first 60 minutes, and then bleeding values were read
every 1 hour until the suspension was stable.

A rheometer (Merlin Co.) equipped with a four-bladed
vane was used to measure the viscosity of the suspensions.
The dimensions of the vane were 14 mm in length, 1 mm in
thickness, and 30 mm in height. The stress ramp technique
was used to evaluate an apparent viscosity of the suspension
in this study (Yoon and El Mohtar 2014). At each step, a
constant stress level was maintained for 20 seconds and the
apparent viscosity was calculated based on the shear rate.
The viscosity reaches an equilibrium state (steady state) at a
high shear rate and presents a constant apparent viscosity.
Because both the bleeding and viscosity of the suspension
are sensitive to temperature, all tests were performed at a
temperature 23 °C (£ 0.5 °C).

An unconfined compression test was performed using a
Universal Testing Machine with a capacity of 20 kN at a
loading rate of 1 mm/min for cured pure grouts and grouted
sands at the end of each curing period (i.e., 3, 7, 14, and 28
days). The top and bottom of the testing specimens were
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Fig. 4 Evolution of UCS of sands with four different median particle sizes grouted with microfine cement: (a) effect of
W/C for Dr ="70% and (b) effect of relative density for W/C=1.5

covered with an unbonded cap to apply uniform stress.
Unconfined compression tests at a given testing condition
were conducted more than three times, and the average
value is reported in this study.

4. Results and analysis
4.1 Bleeding and viscosity of the suspension

The bleeding values of cement suspension generally
increases with an increase in W/C (Mirza et al. 2013), and
the results of this study in Fig. 3(a) also indicate an almost
linear increase in bleeding with an increase in W/C.
Because the measured bleeding values of tested microfine
cement are greater than 18% when the W/C is greater than
1.5, the bentonite was added in the preparation of cement
suspension in this study. Thus, the bleeding and apparent
viscosity of the microfine cement suspensions were
measured as the function of both W/C and bentonite content
in Fig. 3. It can be observed in Fig. 3(a) that the bleeding of
the grout containing 3% and 5% bentonite based on the dry
mass of microfine cement decreases approximately 15%
and 20%, respectively, in comparison to the bleeding of the
microfine cement without bentonite. This decrease in
bleeding with an inclusion of bentonite can be attributed to
the fact that the bentonite can absorb free water. In addition,

due to the electrochemical reaction between cement
particles and bentonite, the bleeding effect can be reduced
by adding bentonite in the cement suspension (De Paoli et
al. 1992).

The viscosity of microfine cement suspension increases
exponentially as W/C decreases (Fig. 3(b)). The
suspensions containing 3% and 5% bentonite at W/C = 1
are approximately 1.3 and 2.1 times greater than the
viscosity of the suspension without bentonite, respectively.
It is presumed that the state of dispersion between cement
particles and bentonite is improved due to electrochemical
reaction with increasing bentonite content (De Paoli ef al
1992). Although the bleeding can be reduced by increasing
the amount of bentonite contents, high bentonite content
causes high apparent viscosity that leads to filtration and
uplift of the specimen surface due to high injection pressure
(Bruce 1997; Markou and Droudakis 2013). Therefore, 3%
of bentonite was added into the cement suspension in this
study based on the consideration of both reducing bleeding
and the minor increase in viscosity. Consequently, all the
reported UCS values in this study are based on the cement
suspension containing 3% bentonite.

4.2 Unconfined compressive strength

As mentioned earlier, one of the main variables
determining the UCS of grouted sand (UCSgouted sand) 1S
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UCS of cured pure grout (UCSpue) or W/C of the grout
(Dano et al. 2004, Schwarz and Chirumalla 2007, Schwarz
and Krizek 1994, Zebovitz et al. 1989). Fig. 4(a) presents
the evolution of UCS as a function of W/C for all tested
specimens (Dr = 70%) grouted with the microfine cement at
28 days of curing. The UCS of the specimen increases
exponentially with a decrease in W/C, which is similar to
previous studies (Dano et al. 2004, Mollamahmutoglu and
Avci 2015, Schwarz and Krizek 1994, Zebovitz et al. 1989)
because the strength of the cementation contact bonds
between sand particles can be increased with decreasing
W/C (Choo et al. 2018, Choo et al. 2017, Markou and
Droudakis 2013).

Additionally, it can be observed in Fig. 4(a) that UCS of
tested materials generally increases with decreasing median
particle size (Dso) of the sand because of an increase in
specific surface with a decrease in particle size. In other
words, sand particles with larger specific surface can
effectively adsorb the cement particles, thus a strong
cementation bond can be developed with an increase in
specific surface (or with a decrease in particle size) (Choo
et al. 2017, Ismail et al. 2002, Yang and Salvati 2010).
However, the UCS values of K6 sand (Dso = 0.47 mm) are
lower than those of K4 sand (Dso = 1.01 mm) and K5 sand
(Dso = 0.80 mm) in the case of W/C = 1 (Fig. 4(a)). This
unexpected observation can be explained by the filtration
phenomenon: due to the small pore size (or small particle
size) and high viscosity of cement grout, the cement
particles cannot be efficiently injected into the column of
K-6 sand, leading to weak bonds between sand particles
(Akbulut and Saglamer 2002, Eklund and Stille 2008,
Markou and Droudakis 2013, Mollamahmutoglu and Avci
2015). Therefore, experimental results for K6 sand with
W/C=1 are excluded in the estimation of the UCS of
microfine cement grouted sand.

Fig. 4(b) shows the effect of relative density (Dr) or
porosity (n) on the evolution of the UCS of specimens
grouted with microfine cement at W/C = 1.5. UCS tends to
increase with increasing Dr (or with decreasing n) (Avci
and Mollamahmutoglu 2016, Clough et al. 1981, Huang
and Airey 1998) because the number of sand particle
contacts within a certain volume increases with increasing
Dr or with decreasing n, resulting in an increased number of
cementation contact bonds between sand particles. Similar
tendencies were observed for other W/C ratios.

5. Discussions

5.1 Estimating UCS of microfine cement grouted
sand

Because UCS of ungrouted pure sand with negligible
cohesion can be assumed to be zero (Dano ef al. 2004),
Case | in Table lcan be rewritten as

UCSgrouted sand — ] (UCS pure)N (2)
1 MPa ot\'1 MPa

where A = UCS of grouted sand (UCSgrouted sand) When the

UCS of cured pure grout (UCSpue) = 1 MPa; and N =

exponent capturing the dependency of the UCSgrouted sand ON
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Fig. 5 Relationship between UCS of cured pure grout
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UCSpure. It is assumed in Egs. (2) that UCSgrouted sand can be
estimated with two fitting parameters (A4 u and N), which
are related to the properties of soils and UCSpyre. Therefore,
the following part focuses on the estimation of UCSyu. and
on the developments of relationships between the properties
of sands and two fitting parameters.

Fig. 5 shows the variation of UCSpue (UCS of pure
microfine cement suspension) cured for 28 days according
to W/C. It can be observed in Fig. 5 that UCS values
increase significantly with decreasing W/C of the
suspensions in agreement with the results of previous
studies (Avci and Mollamahmutoglu 2016, Dano et al.
2004, Kaga and Yonekura 1991, Pantazopoulos and
Atmatzidis 2012). Note that Fig. 5 demonstrates that
UCSpure is directly determined by W/C; thus, UCSpur in
Eqgs. (2) can be expressed as

N/ -2.5
UCSpure _ (K) — 10 (K) 3)
1 MPa C C
where A’ and N’ = fitting parameters. The determined

values of 4’ and N’ of tested microfine cement are 10 and -
2.5, respectively. However, 4" and N’ vary with the cement
type, manufacture, chemical composition, specific surface,
and others. Therefore, to estimate the UCS, . using Egs.
(3), the determination of 4" and N’ is a prerequisite.

5.2 Investigating Ason and N for estimating UCS
of grouted sand

To figure out Asi and N values in Egs. (2) of tested
sands, the relationship between UCS grouted sand and UCSpyre 18
investigated in Fig. 6. The comparison of four sands with
varying Dsy at three different relative densities demonstrates
that both A,.;; and N are affected by sand type (i.e., particle
size, particle gradation, specific surface, and others) and
relative density (or porosity). Most notably, Fig. 6
demonstrates that, with a decrease in particle size (or
increase in specific surface) and with an increase in relative
density (or decrease in porosity), the Ay increases, but N
decreases.

As mentioned previously, the exponent N in Egs. (2)
implies a sensitivity of UCSgrouted sand to the changes of
UCSpure. To estimate N in Egs. (2), Kaga and Yonekura
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(1991) suggested a linear relationship between relative
density (Dr) and N, which is N = 0.727 — 0.2 * Dr.

Therefore, the N values of this study (i.e., the measured N)
and those of Kaga and Yonekura (1991) were plotted as a
function of Dr in Figure 7(a). The relationship between N
and Dr using data of this study and that of Kaga and

Yonekura (1991), which is N = 0.726 — 0.154 * Dr, is

comparable with the existing formula of Kaga and
Yonekura (1991). However, as reflected in very low R?
value in Fig. 7(a), N-Dr relationship is very weak because
the results of this study demonstrate that the exponent N is

dependent not only on packing condition, but also on
specific surface (or particle size) (Fig. 6). Note that the
strength gain due to the grouting originates from the
cementation bonding between sand particles. In the case of
sands with large pore size and large pore area, the strength
gain due to grouting will be very small when W/C is high
(or when UCS of pure grout is small) because the large part
of grout suspension just fills the pore space between sand
particles. However, with an increase in cement content (or
decrease in W/C), the grout suspension can significantly
contribute to the strength gain of sand through the
formation of cementation bonding between sand particles.
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Therefore, sands with large pore size and large pore area
can show great dependency on the change in UCSpue
reflecting large N values for these sands. In contrast, in the
case of sands with small pore size and small pore area, the
cementation contact bond can be formed at relatively high
W/C; therefore, these sands show relatively small N values,
resulting from the relatively small change in UCS grouted sand
according to the change in UCSyr.

The above explanation demonstrates the strong
dependency of N on pore area and pore size. The area of
pore space can be captured by the porosity (or relative
density), and the size of pore space can be captured by a

specific surface (or particle diameter). Therefore, both
porosity (n) and the specific surface (S;) can affect the value
of N. Consequently, using the data in Fig. 6 and data in
Kaga and Yonekura (1991), multiple regression analysis
was performed to investigate the effect of S, and n on N,
and the following relationship was obtained (Fig. 7(b))

Sa
1 cm?/g

-0.201
N = 2.043 x ( ) x n%614 (R2=0.830) (4)

Note that N estimating formulas using Dy or D5y instead
of S,;, and using Dr instead of n can also be developed;
however, an N estimating formula based on S, and » shows
the highest R? value, reflecting the importance of S, and n
to the proper estimation of N value. Consistent with the
explanation shown above, Eqgs. (4) and Fig. 7(b)
demonstrate an increase in N with a decrease in S,
reflecting an increase in pore size, and with an increase in 7,
reflecting an increase in pore area. Most notably, compared
to Fig. 7(a), a strong N estimating formula can be developed
by employing S. and n, reinforcing the strong dependency
of N on both packing condition and specific surface (Fig.
7(b)). The comparison between the measured N and
estimated N (Eqgs. (4)) using data of this study and data of
Kaga and Yonekura (1991) is shown in Fig. 8(a). To
quantify the difference between the measured and estimated
N values, the mean absolute percentage error (MAPE), from
Eqgs. (5), is also included in Fig. 8(a).

1 u measured value — estimated value
MAPE = MZ | (5)

T measured value
where M = number of data. Fig. 8(a) demonstrate that Egs.
(4) yields a good agreement between the measured and
estimated N with the MAPE of around 4.6%.

Asoi in Egs. (2) represents the UCS of grouted sand
when the UCS of cured pure grout is 1 MPa; therefore,
factors affecting the strength of cemented sands (e.g.,
cementation level, porosity, sand type, particle size, and
specific surface) will determine the magnitude of A,;. Note
that the UCS estimating formulas in Table 1 demonstrate
that specific surface (or particle size), porosity, and UCS of
pure grout determine the UCS of grouted sands. Therefore,
using the data in Fig. 6 and data in Kaga and Yonekura
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(1991), multiple regression analysis was performed to
investigate the effect of specific surface (S.) and porosity
(n) on A, and the following relationship was obtained

Sa
1 cm?/g

0.62
Agyy = 0.10 X ( ) xn~130 (R2=0.912) (6)

Similar to the analysis for estimating N value, A
estimating formulas using Dy or Dsy instead of S, and using
Dr instead of n can also be developed; however, an A
estimating formula based on S, and n shows the highest R?
value; therefore, A estimating formula based on S, and n
is only reported in this study. This strong dependency of
Asoir on S, and n can be attributed to the following facts.
First, S, determines the area of the sand particle that the
cement particles can adsorb; thus, the strength of
cementation bonding increases with an increase in S.
Second, n reflects the coordination number that determines
the number of cementation bondings between sand
particles. Thus, with a decrease in n, the number of
cementation bonding increases. Consequently, with an
increase in S, and a decrease in n, the A, value increases
(Egs. (6)). Note that Kaga and Yonekura (1991)
experimentally expressed A5 as the function of the specific
surface per unit volume of sand; however, the estimations
of A using the formula of Kaga and Yonekura (1991) are
not matched with the measured Ay values in this study.
Thus, the A estimating formula of Kaga and Yonekura
(1991) is not further discussed in this study. Fig. 8(b) shows
the comparison between the measured A4,y and estimated
Asoi (Egs. (6)) using the data of this study and of Kaga and
Yonekura (1991). A good agreement between the measured
and estimated Az with a MAPE of around 9.5% can be
found in Fig. 8(b).

Because both Ay and N are affected by the same soil
properties (Egs. (4) and (6)), the direct relationship between
Asoir and N is investigated in Fig. 9. Fig. 9 indicates that
sands with high S, and low n will have greater Ay but
smaller N, and the Ay and N are inversely proportional
according to the following relationship

N = —0.07 - Agpy + 0.85 (7)

Eq. (7) highlights that in the case of sands with high S,
and low n, the target UCS can be achieved using grout with
a relatively high W/C (or grout with relatively low
strength). However, in the case of sands with low S, and
high n, relatively low W/C is required to achieve the target
UCS.

5.3 Effect of grout type on the suggested equation

It is assumed in this study that both A4 and N in Egs.
(2) are soil-related properties; therefore, 457 and N should
not be affected by the characteristics of grout. To figure out
the effect of cement type on the validity of the suggested
Ason and N estimating formulas (Egs. (4) and (6)) for the
estimation of UCSrouted sand, K3 sand with Dr = 50% (or n =
0.46) was grouted with Ordinary Portland cement (OPC) at
W/C = 1.0, 1.5, and 2.0. Note that the grouting with OPC
was conducted only on K3 sand with Dsp = 1.65 mm to
avoid the filtration effect. Because UCSyu can be varied
with the grout types, the UCS of pure OPC cured for 28

days was first determined as the function of W/C

UCSpure , (N w\ 25
Toe=a(7) =8(3) ®

The determined 4’ and N’ values for the tested OPC are
8 and -2.5, respectively, reflecting that the UCS of OPC is
smaller than the UCS of microfine cement at a given W/C
(Pantazopoulos et al. 2012). By combining Egs. (2), (4),
(6), and (8), the UCS of the grouted sand with OPC are
estimated and compared with the measured values in Fig.
10. Fig. 10 shows that the estimated UCS values are
reasonably matched with the measured UCS (MAPE =
16.2%), reflecting that 1) the suggested Awy and N
estimating formulas can be used for the proper estimation of
UCSgrouted sand; and 2) Ao and N in Eqgs. (2) are determined
by the physical properties of sand, and the effect of grout
type on Awi and N is negligible. In this aspect, it is
remarkable that Egs. (4) and (6) are based on the results of
both this study, which used microfine cement as the grout,
and Kaga and Yonekura (1991), which used a silicate as the
grout. Thus, Eqgs. (4) and (6) already imply that the
suggested Ay and N estimating formulas depend only on
the characteristics of sand.

6. Conclusions

For quality control and the economical design of
grouted sand, the prior establishment of an empirical
unconfined compressive strength (UCS) estimating formula
is very important. Therefore, this experimental investigation
aims at developing UCS estimating formula for grouted
sand (UCSgouted sand) based on the physical properties of
sands and the UCS of cured pure grout (UCSpure). The key
findings from this study are summarized:

1) UCSgrouted sand can be expressed as the power function

of UCSpure: UCSgrouted sand / 1 MPa = Ao * (UCSpure / 1
MPa)".

2) The exponent N, which indicates the sensitivity of
UCSgouted sand to the changes of UCSpue, is strongly
dependent on the pore size and pore area. Because the area
of pore space can be captured by the porosity (n) and the
size of pore space can be captured by specific surface (S,),
the exponent N is expressed as the function of n and S,.

3) S, determines the area of the sand particle that the
cement particles can adsorb, and 7 reflects the coordination
number that determines the number of cementation bonding
between sand particles. Therefore, Az i, which represents
UCSgrouted sand When UCS,ure =1, is expressed as the function
of n and S,.

4) Sands with high S, and low n show greater 4, but
smaller N, and an inversely proportional relationship has
been shown between A4, and N.

5) The suggested A4,,; and N estimating formulas depend
only on the characteristics of sand.
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