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Cortaln jssues may be sncountemd when traditional composita fillars are mixed with ecemant and bentonite (CF-CB)
and applied to cavities in the ground., These (ssues indude the bleeding and separmating of water, cemant and
bantonite, and the long time needed for the strength development. In a series of studies, it has been shown that the
suppression of bleeding, earlier gelling and earlier development of strength can be expected by mixing a suitable
amount of soedium carbonate in the CF-CB, that s, creating a CF-CBS. The machanisms of the various properties of CF-
CBS and CF-CB were investigated by physical analyses. The following polnts were clarified from the results of this
work, Earlier development of strength and gelling are brought about by the earlier formation of ettringite
accompanying the promotion of the cement hydration reaction,. The suppression of bleeding can be accomplished by
aarlier gelling dus to the bentonite taking the Ma' jonised from sodium carbonate as an interlayer cation. The
increase in strength is attributed to the caldum carbonate produced by CO:* lonising from the sedium carbonate

bonding with the Ca** dissolved from the interlayer cations of the cement or bento nite,

1. Introduction

As the nimber of obsolete tnlmstrieiures being ebuilt his baen
incicadng in recent yeirs, it las beoome poosssiry Lo Improve
the quabity of the Nllers vsed s ekl bn e ities in the ground
fommed during the wmoval of existing undergroumsd stroetures,
siich as piles The mwle of the fller s w incrense the mooverability
of the mrget ground (Baver et al, J006; Glhadimi e af., 2017
Huan, 2005 I proper tentment by Cilling 18 st carned ot
andtor the physical properties af the ground and the llling site
dilter greatly, then phenomeni such as settlement muy accur in
the surrousding groumd (Grimatn ef af, J0E5; Duceum of .,
H017; Bowaham and Inaeum, X019)

A composite liller comprigng cement and bentonrite (CF-CB)
buis Mndity ] self-hurdoes and dos nol reguire compog-
tan; therefope, itis g typleal Nller widely used For Alling in
narmow spaces and spots that would be dithcull 1o compect
iAGIl e wl, 2005, Mikkeben, J5), The mechantcnl gualities
af CF-CB ar cnsy to podoce and CFCB cin be mixed
aeconling 1w the condinons of the constrieton by performing
mixing o idies in most labomtories However, some diflficulties
cin be encountered, such as taking seveml hours for 1he CF-
CB o deselop in strength and not being able to contml the
CF-CB only by adjusmg the blending (mixing). Doe to tlese
msued, an upewen dewelopment of strength s geserated due to
material segregaton { bleeding),

The aim ol this siady was to overcome the above-mentioned
ssues and w develop a liller eapable of ensuring a predeters
mined strength quickly and elably, Fushimoto of wf (20074,

01 Thh and Inosumd er o, (2009 evealed that the ellfea ol

suppressing bleoding and bringmg about enrher gelling, carlier
drength development and an inereise m siength coukl be
malmed by mixing sollum cirbopue (MO0 with CF-CR

An atempt was thus made o clarily the mechansm by which
the above properties are exhiblied by o composiie fller com-
prising cement, bentonite and sodlum carbomate (CF-CBS)
For this purpose, typienl physieal ambses (X-my il menon
{XRDY anibsls, scinnlng election micmsopy (SEM) abser-
vitlons and energy-dispersive X-ray (EDS) analysis) wer
carriad ol

2. Earlier studies on CF-CBS

The components of CFCRS ae water, bentonlte, cement amd
soddium enrbonate. By mixing S0<Wrs water, =100 bento-
fite, [O=4rs cement dnd O3=3% sodium cirbonate, based
on the tatal weight of CF-CBS, the CFCBS will be ellactis
in suppessing bleeding and bringing about entier gelling,
enrher strength development and an increase 10 sength
Furthermaore, bentonite, cement and sodium cirbonate am
introdioced 1n this order into a miser to which water i added
i wdhvance, aml sullicent siming s carmed oul every time
aich muterial 18 addad, In this wiry, bleeding is mostly sip-
pressed and gelling occurs early |Hashimoto e af,, 20074,
2007 Icevmmd af anl, 2009,

The strength properties of CF-CBS huve been evaluatad by
the unbsil compresive seagth according 1o the Jpanes
idustrial stundard (S A 1216) ‘Uniasial compression tes)
method af sodl' (Hushimoto er af, 20074, 200 Th Donizum
et al, 2009 The inftal wength of CFCB s increased by
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Table 1. Companents of ardinary Fortland cement used

214 46 25

mixing sodium carbonate. This indicates that the strengih
development can be accelemted. With regard to the hardening
action at & material age of | d, CF-CB requires about & h to
el fom the time the sample 15 mixed and stirred, but CF-CBS
ek m oabout | h. Theretore, sodinvm carbomate promotes
carlier gellmg of CF-CB. Immediate gelling and earlier
strength development have vwseful eflects such as stabalising the
target ground quickly and shortening the comstruction penod.
Mopeover, even for the long-term strength {over 2 d), the
increase mostrength by mixing sodinm carbonate has been con-
firmed. Thus, mixing sodium carbonate not only mesults in
early gelling, but also has the eftect of Increasing the strength
of CF-CB.

The problem of component material segregation has been eval-
nated based on the bleeding mtio according to the Japan
Socety of Crvl Engineers standard (JSCE F 511) "Bleedmg
rativ and expansmon ratio test method lor mechon mortar
of prepacked concmete {polyethylene bag method) (Hashimoto
et al, 201Ta, 2017h; Imazumi e af, 2019, CF-CBS
almost never canses bleeding and the component matenal seg-
regation of CF-CB & suppressed by adding sodium carbonate.
In addition, bleeding is suppressed even with a small amount
of bentomite by usmng bentomte with a high swelling abality.

The Nowahility has been evaluated by the lowing time of the
P-funnel according to the Japan Society of Ciil Engincers
standard (JSCE F 321) (JSCE F 321) ‘Flowability test method
tor mpectton mortar of prepacked concrete (method by P-
furmel) {Hashimoto e af, 20072, 2007b; Imazumi er af,
201%9). There 15 no change in the Howabliy of CF-CB when
mixing it with sodium carbonate; its high Nuidity & main-
taimed. Having high flowability without component matenal
segregation shows that fllmg can be relisbly performed even
tor iregularly shaped cavities and that 1t 15 possible to express
a predetermined strength homaogeneously at the filing point.

Earler gelhing and earher strengih development of CF-CBS 15
thought to be dve to the promotion of the hydration of the
cement reaction with sodium carbonate and the formation of
calkcium carbonate (CaC0z). Caloum hydrowide (CafOH )
produced immediately atter the hydration of cement 15 carbo-
nated by carbonate ions {C05) genemied by the jonisation of
sodium carbomate to produce calcium carbomate. The pro-
duction of caloum carbonate promotes the hydration reaction
by accelerating the consumpion of calemm hydrocade, and it
15 expected to promote the gelling of cement and to enhance
the mital strength.

630 08 17

It iz considerad that the mechanism for bleeding suppression is
caused by an increase in the swelling property of bentonite.
The nature of bentonite differs depending on the type of mier-
layer cation, and the sodium {Ma) type with many sodium 1ons
{Ma®) is more swellable than the cakium {Ca) type with a
large amount of caldum ions {Ca™) (Onikita, 2007). When
sodmm carbonate and bentontte are mixed n water, the
sodinm carbonate dissolves in the water and lonises to genembe
Ma*, which are ion exchanged with Ca®" contained in the
miterlayer cations of the bentomte. It 15 thought that ths
memeases the swelhng property by strengthemng the properties
al the sodinm type and contnbutes to the suppression ol
bleeding.

It is thought that the increase in smength is due to the for-
mation of caleinm carbonate. Calkium carbonate is also pro-
duced by the interlayer cations Ca®™ and €0, being bonded
in the reaction between C0h™ and caleinm hydromide, as
descnbed abowve, and the cation-exchange reachon of bentonite.
Caleinm carbonate & a water-insoluble substance and its mol
ecules ame bonded to each other to form a hardened body.
Themefore, it is thought that the generation of calkium carbon-
ate may bring about an increase in the mital and long-term
stmength.

3. Experimental programme and devices

The components of the CF-CBS and CF-CB produced for this
study were water, bentomte, ordinary Porland cement and
sodmm carbonate. Tables | and 2 respectively show the com-
porents ol the cement and the bentomte wed. For the bento-
mite, slightly swollen bentonite with a swelling degree of 4 was
sed, as mcommended by the Amerncan Collod Company
{(ACC) method (Kawatra and Riplke, 2041}, For a comparison
of different types of bentomite, highly swollen bentomte with a

Table 2. Companents of shightly swaollen and highly swallen
bentonites

Slcon diomde: % &1 B84
Adumansum cosde: % 16 184
Femnic code: % 37 446
hdagnesaem cade: % 33 22
Calcum coode: % 27 17
Sodium coode: % 22 21
Potassium cuide: % 13 06
Loss o ignition: % 29 17
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Table 3. M propartions

P P
eSad
Sodeo

swelling degree of 20 was also used, Ondinary CF-CH is used
in o weight ratio of cement to bentonite of approximately 46
and & weight ratio of water to cement {wic) ol approsimately
200, In addivion, fom the resuls of preliminary tesis, it
wis conlirmed that adeguate NMuidity, strength and matenal
separation msstance are exhibited by using 30=900% waler
[=10¢4  bentonite, [0=4006 cement and 0-3=3% sodiom
carbomate based on the total weight of CFCB or CF-CBS
(Huashimate ef al., 200 Ta, 2001Th; Inaeamd of af,, 2019), Thble 3
shows the mixing condibons ol the specimens used in the
physical analyses The specimens wsed in the physical analyses
wene mixed o as to have the same fabrication conditions and
show the sume uselul properties as the illes described in
Section 2 and used by Hashimoto et af, (2017, 20017h) and
Irsumsd ef af, (2019, In Table 3, spacimen | is the CF-CBS
specimen wing slightly swollen bentonite, specimen 2 is the
CF-CBS specimen using highly swollen bentonibe, specimen 3
is the CF-CB specimen using slightly swollen bentonite and
specimen 4 is the CFCB specimen using highly swollen
bentoniie,

31 SEM

SEM was performed 1o observe the resctions and prodocis
ogcurring on the sudaces ol the specimens In the SEM obser-
vitions, specimens 1, 2 and 3 were used to compare the differ-
eme depending on the presence or absence of sodium
carbonnte and the type of bentonite. The SEM equipment
vsed was o JSM-GOI0LA nstrument {(Jeol Company Lid.),
and unconted specimens wemre observed ol an accelemiion
voltage ol 15 kW,

3.2 XRD analysis

XRD analysis was performed to investigate the reaction of
CF-CBS and CFCB as well as the change in the hydmbion
producis genermibed in the specimen by adding sodivm earbon-
ate. In this analysis o powder XED method was carned out
using Smart Lab manuficred by Rigaku Corporation, The
X-rays used were Cuba (i= |-518 A)

3.3 EDS analysis

In the EDS analysis, specimens 2 and 4 of CF-CBS were used
for comparing and examining the ckement distribution of the
genenbed substunces and the content ratio of the constituent
clements Also, beciuse the type ol bertonite depends on the
interliyer cations and because them 15 no difference in the

240 20 &7 EXL!
240 20 S08 EF
240 0 905 kX
240 0 e 382

constituent elements of the minemls, 4 companson was made
with [illers using highly ssollen bentonite with outstanding
physical properiies. In this analysis, a JSM-T60OF deviee (feal
Company Lul.) was uvsed amd uncoated specimens wen
observed at an accclemtbion voltage of 15 kY.

4. Results and discussion

4.1  SEM observation and XRD analysis
Figure | shows SEM images and Figure 2 shows the resulis of
the XED analysis

In Figure |, unreacted cement particles can only be conlirmed
at the age of 3 h for specimen 3, while hydmtion products
can be conlirmed around the cement partkles for specimens |
amd 2 In particular, ackeular erysuls with oo sise of
approgimately 2 pm ollen obsemved, and etringite (3Ca0h
Aby Oy, 00y A2H -0 was comsidened in view ol the shape of
the erystals Ettringite is a substance produced by ihe
hydration renction of the aluminite phase M'mom the beginning
ol the test, and the hydration reaction of cement is acoelerated
by mixing sodium carbonate (JOA, 201 2), Although the same
reactions can be confirmed even at | d ol age, in the case of
specimens | and 2, the periphery ol the cement particles wis
completely covered with a hydrate al low erystallinity, which is
comiderad o be enlciom sliente hydmie (CSH), 1t is supposed
that the hydration resction of alite (IC0510) 18 promoted,
Compared with the msults ol the XRID anilyse shown in
Figure 2, the peaks of erythrite ame small in specimens | and 2
it | d of age, whereas sharp peaks of CSH appeimed, This is
consistent with the results ol the SEM observations (see
Figure 1) In specimens | and 2, calcivm alwminae hydmie
(A ALy o H D), similar to the composition ol ettringite
caused by the hydration maction al the aluminme phase, can
be conlirmed from | d of age. This agrees with the viewpaoint
of promoting the initial bydrabion eaction due o the
hydration of the aluminae phais,

AL T d ol age, the hydration meaction was fousd in specimens
I, 2 and 3 and it was possible 1o observe the formation of o
more dense and handened body and the presence ol some crys-
tils {see Figure 1) In the XRD analysis the peak of calcium
hydrogide appenred strongly, and it is considered that calcium
hydroxide was formed with a high degree of erysullinity (see
Figure 1,
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Figure 1. S5EM mages of CFCBS. {a) Specimen 1 {sodum carbonate, low swelimg bentorete], 3 h. (o) Specimen 1 (sodium carbonate,
high swelling bentoretel, 3 h. {c} Specmen 3 {no sodiuim carbonate, kow swelling bentondel, 3 h. id} Specimen 1 {sodwm carbonate,
oy wveling bermtonstzl, 1 d. fe) Speomen 2 isodum carbonate, regh sweliing bentorstel, 1 d. {1) Speomean 3 {no sodum carbonats,
towy seveling bentonizl, 1 d. (gl Speamen 1 (sodum carbonate, low sweling bentaretel, 7 d. (bl Speomen 2 sodwm carbonate, high
swelling bentartel, 7 d. (i} Specimen 3 {no sodwum cabanate, bow seelling bentonste), 7 d. {j) Specenen 1 (sodum carbonate,

vy sweling bentoretel, 28 d. (k) Specimen 2 {sodwum carbonate, hegh swelling bentonitel, 28 d, {1} Specimen 3 {no sodwm carbonate,

bow swveling berntorste}, 28 d

A Lrge amount of ettringite and CSHs are produced i spedi-
mens | amd 2 at the age of 28 d, and several crystals wers
packed amd bonded fsee Figumr 1), In specimen 3, it can be
confirmed that a hydmte was formad amund a larpe erstal

but when comparsd with speamens | and I, the amount of
cttrmgite and CSH wer both small {see Figure 23, That is
when sodium carbonate & added, o hydmte 15 demsely Formed.
Inthe XE DY analysis (see Figome 2). clzar and sharp peaks can
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Figure 2. XRD patterrs of CP-CBS. {al Specimen 1 {sodium casbonate, low swelling bertonite], 3 b, ) Specimen 2 (sodium carbanate,
high swelling bentonitel, 3 h. {c) Speomen 3 (no sodwm carbonate, low swelling bentortel, 3 b, ¢} Specimen 1 {sodium carbonate,
low swelling bentarste), 1 d. fe) Specmen 2 {sodium carbonate, high sweling bentoratel, 1 d. {f} Specimen 3 {no sodum carbonate,
low swelling bentonite), 1 d, (gl Specimen 1 Sodium carbonate, low sweling bentonitel, 7 d. (hl Specimen 2 Godum carbarate,

high sweding bertonitel, 7 d. i} Speomen 3 {n0 sodium carbonate, low swvalling bentonitel, 7 o () Specimen 1 {sodium carbanate,
low sweling bentonrel, 28 d, (k) Specimen 2 (sodium carbonate, hegh sweling bentorstel, 28 d. (I} Specimen 3 {no sodwm carbonate,

lewy swelling bemtonite), 28 d

be eonfirmed in specimens | and 2, indicating that subsiances
with hig b erysta lindty were genermted, This point seems Lo con-
tribute to the mereise in sength of the CF-CB by adding
sodium earbonute which lus been elarified in enrlier studies
(Hashimaoto e o, 200 Ta, 200 Th Inncummd e af,, 2019),

4.2 EDS analysis

Figure 3 shows the element mapping obtwined by the EDS
anilysds, while Figum 4 shows the results of the quantitntive
analysis inthe EIYS an lysis

A comparison hased on the presence or absence of sodium
curbanate wt the age of 3 h shows that the rato of
aluminimn (Al amd slicon (80 1o the content of all the con-
situent elements was relatiely high and the proportion of
enlium (Cay was relatively low in specimen 2 mined with
soibium carbonate, In, us cement hydmigs, aluminium s con-
timed in the ettringite { A0 30O 32H AN prodiced
by the bydration eaction of the alummate phose It can be
Judged tha aluminium becomes an index of eitnngite, even
though a large amount of aluminium s present on the crystal
surfiice in the element mapping. Silicon is contained in CSH,
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Figuire 3. Degital ms

il Speamen & (sodium carbonate, high swelling bentanite]

ic) Specimen 4 {no sodium carbonate, hegh sweling bentoratel, 3 h {
Vno sodm carbonate, Fegh sweling bertonite), 7 d: (1) 5EM, {2} dumenium, {3) caloum and (d} sali

appang ot each consbtuent elemeant by EDS analyss
7 {1} SEM, {2}
(1) SEM, {21 aluminium,

5

(a8} Spacwmen 4 (sodnim carbanate, high sweling bentoratel 3 h

U mnium, {3}

1, (d) whicon and {5) sodum
i and ) saboon, dd] Specimen 4

which s a bydmte of alite (3Ca0.5105); 18 was widely distribu-
ed among the erystils amd therelore silkon cin be judged to be
nin indicator of USH, From this point, it is believed that the

wmount of ettringite amd CSH n CF-CH inerased by adding
sondlom earbonate which ls consktent with the msults abtuned
by SEM obsmrvations and XRD amalyss Momrower, beconse
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Figure d. Results of quantitative analyss by EDS anahkss.
{3} Sodum carbonate; 3 h, (b} sodum carbonate; 7 d,
{c} mo sodium catbonate; 3 h, ) no sodium carbonate; 7 d. Ma,
sodum; Mg, magnesim; Al alumersum; 51, siicon; K, potassium;
Ca, caiooum; Fe, ron; 5, suffur

5 =

Q 40

cakium 15 contuned in almost all comporents al cerment,
cukium is not suitable for specifying ctiringite or CSH, With
regird to the cawse of the dilference in the proportion ol
calerom, caloium was not observed, as 1t was jomised mothe
middle af the hydration maction in specimen 2, while specimen
4 contained a Lige amount of unhydoted cement and a great
deal of calcium was observed, From the above it is clear that
the hydmilon reaction of cement is seen to progress by ndding
sodium carbomate, and the Formaton of etningie and CS5H &
oot ed.

A comparison based on the presence or obsence ol sodium car-
bonate at the age of 7 b revealed that the ratios of alumimom
and caleiwm wene high and the proportion of silicon was low
in specimen 2 mixed with sodiam curbonae. Comparing the
results obtwined a 3 h oand Vd af age, the pmporton of
cakium increased in specimen 2, but decrensed in specimen 4.
1t 15 conadered that the calcium decreased becanse the selectiv-
ity ol o™ & oas high as the imterbiver cation of bhentonite
{Christidis and Kouisopoulouy, 2003), and Oyt may pot be
observed due o the incorpomton as lons in the bentonie
during the process of the eationexchange reaction. The
imcrense i caleiom during the addition ol sodiom carbonate &
thought 1o be causd by the formation of caleivm carbonate
by Ca™" contained as an intedayer cation af the bentanite and
Cih' from sodiom carbomate in the process ol the cation-
exchunge resction. Also, sodinm was observed only in speci-
men I mixed with sodivmy carbonate, and o companson at 3 h
and 7 d of age showed 0 decrease as time elapsed. It s thought
that the sodnim curbonute or sodunn, which was crysillsed,
wis lnken in the bentonite as Na” by the eation-exchange

MR e

L] coalge=.
: (1L

] Prarcringe g

hydratian
Hydrats

Figure 5. Mechansms of vanows properbes of CF-CBS based on
SEM| observabors, XKD and EDS analyses. bayC0;, sodium
catbanate; Calls, caloumn carbanate

Inaessed
sirength

meaction, It is comsidered that the eation-exchange reaction of
Ma® from sodinm carbonaie and Co® from bentonite pocurs
due to the aboe increase and decrase in cakeimn and sodium.
Caleim earbonate was alko present in the results of the XRD
amilysis o calkium carbopate was considered to hove been
generated.

Figure 3 summurises the mechanisns by which vanows pro-
perties of CF-CBS develop based on the resulis of the SEM
observations, XRD analysis and EDS analysis Na'© is gener-
ted by ionising sodivm curbonate in water and Ca®* from the
interlyer cations ol bentomite that undergo a cabion-exchuinge
mreaction, so that Na* contributes to incmeasing the swellahility
us an interlayer cation of bentonite, Inemasing the swellahility
improves the effact of supprssing bleeding. Ca®' binds with
the C04 " penerated by the jomsation of sodivm carbonate
to form calolurs carbonsate, which contributes 1o the imcrease
in strength, Regnrding the production of cakium carbonaie,
soflivm carbonate & abo produced by carbonabing caloium
hydroxide produced by the hydration of Ca™" dissobed in
cement at the beginning of the test, This kads to the expodi-
tious consumption of caleium hydroxide and promotes the
hydration reacton, As ettrimgite forms quickly, it cavses earlier
gelling and earlier strength dewlopment, In additon, rapid
gelling suppresses sadmentation of the cement particlks, which
also bends to the suppression ol blecding,

5. Condusions
The mechanisms by which various propertics of CF-CBS
develop was imvestigated osing SEM, XRD and EDS analyses

The lindings amw as follows,
{@)  Colewm hydmooode 15 carbongied by adding sodiom

carbomate o produce calcium ctronate, This contributes
to the increase in strength of CF-CHES.
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i As the consumption of calelum hydroxide b accelerated
by the addition ol sodium carbonate, the hydmtion
renction 15 promoted and atringite s generated prompily.
This contributes to earber gelling and earlier strength
development of CF-CBS,

() As Ca®" from the interliver cations of bentonite and Na*
from sodium cirbonite generite an lon-eschange
reaction, Ma® as interlyer cations increase and
the swelling property ol the bentonite inemeases,

This contributes to the suppression ol bleeding of
CF-CHS.

i) In the process of the entton-exchange renction, calcium
carbonate {s formed by Ca®* from the interlayer eatlons
ol the bentonite and C04™ from sodium carbonate, This
contributes to an inemease in the strength of CF-CBS.

As o laure prospect, it will be necessary to verly the
applicability of CF-CBS as a cavity-lilling material by imple-
menting Meld tests and atemping & poctienl example,
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