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ABSTRACT

Cement and all kinds of admixture have been used in the treatment engineering of soft soil foundation in coastal
cities to improve soil strength and sustain the demands of engineering construction. In engineering practice, soil
composition varies because of different origins and formation environments. Thus, cement consolidated soil likely
exhibits different strength characteristics when different admixtures are added. In this study, soft soil obtained from
Fuzhou, Zhuhai, and Yingkou was used as test samples. Physical properties, soluble salt content, organic matter
content, and other basic parameters of the soil were analyzed. Indoor tests were also performed to simulate the
consolidating process of soft soil with different admixture. Uniaxial compressive test was also performed to measure
mechanical index. The combined effects of cement hydration reaction with different organic matter composition,
granularmetric and water characteristics were considered to determine the effect mechanism of cement consolidated
soil with different admixtures. Results showed that the soft soil of the three areas contained high amounts of organic
matter and soluble salt. The uniaxial compressive strength increased when early-strength agent and water-reducing
agent were used. However, the increased amplitude varied with different early-strength agents. The optimum effect
was obtained when CaS0O4 was added, and the sample was inseparable with high amounts of fulvic acid and humic
acid. The same additive agent resulted in uniaxial compressive strength with low moisture content and high clay
content. Thus, the basic properties of soft soil and its organic matter content should be considered in selecting the
optimum admixture during cement consolidation in engineering.
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INTRODUCTION

With the increasing demands of social constructsmfit soil has been developed as foundation mégdriecoastal
cities. Reinforcement technology is an inevitablebtem because soft soil contains high moisture simart
diachronic sediments and exhibits compressibilloww strength, and other characteristics [1-3]. larrent
reinforcement methods, cement is one of the masinoen curing agents; this curing agent can incréasdearing
capacity of foundation, thereby decreasing settigrfar its use [4-6]. Previous studies indicatedt tthe material
composition of soil affects cement hydration; thiig effects of reinforcement vary [7-9]. Cememnt ezhieve an
optimum effect when this material is used to reiogosoil with high organic content; however, stitbngdecreases as
organic matter content increases [3-5]. The reasonshis phenomenon are mainly: under the effdcorganic
matter, the soft soil showed higher water capagigsticity, swelling, with permeability reducingrganic matter
block and disrupt the structure formation of cenmmtsolidated soil, and it brings out the charastierof chemical
weathering [6]. According to experience, when ugjegeral cement to strengthen soft soil foundastudies have
shown that 2% should be the maximum in other ciesjtwhereas 6% is the maximum value allowed lgd&].
Studies have also been conducted involving groomatavement programs in which soft soil is consdédawith
cement. Xun obtained a good reinforcement effea@mtihe industrial waste gypsum, cement, and a smaunt of
fly ash are used as curing agents. Pan 9 formutatzimposite additive from the active mechanisrulvic acid to
enhance the effect of reinforcement. Zeng et ab proposed different curing agent solutions tofoece soft soil
[10-15].
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Many existing types of admixture can be used insotidating cement. However, improvement effects/wahen
soft soil is consolidated with different agents d@odmation environments. The influence of admixtune the
consolidation effect was elucidated in this stubifferent soft soil samples from different coastities were
selected. An amount of cement and admixture wad tseconsolidate the samples. The effect of théemint
admixtures on soil strength was analyzed, and thehamism was discussed on the basis of the bagiefies of
the soil samples.

CEMENT SOLIDIFICATION MECHANISM

In the cement consolidation process of soft sb&, ¢ement dosage is very small, and the hydromsishydration
reaction of cement is done in soil with a certastivity, so the strength growth process of the cenoensolidated
soil relatively slows.

Hydrolysis reaction and hydration reaction of cement

Ordinary Portland cement is mainly composed by C&i®2, Al203, Fe203 and SO3, etc, and these differe
oxides form different cement minerals: 3C&{M2, 2Ca@Bi02, 3Ca@AI203, 4CaQAI203Fe203 and CaS0O4, etc.
When using cement reinforce the soft soil, the mailseon the surface of cement particles and thematthe soft
soil quickly happen hydrolysis reaction and hydnatireaction, and generate Ca(OH)2, 3@S0JH?20,
3CaQAI203[BH20, 3Ca@e2036H20 and others 18. The reaction processes amlaws:

(1) 3Ca03i02: The content is highest in the cement (abd@% Sof total weight), and it is main factor that
determines the strength.

2(Ca0EO, )+ H,0 -~ T OOJO,H,0+ GaQH )

(2) 2Ca@%i02: The content is higher in the cement (abo® 25 total weight), and it mainly produces later
strength.

2(3CDE0, )+ H,0 - T OOKHO,H,O+CaQH )

(3) 3CaQAI203: The content is about 10% of total weightdiation speed is fastest, and it can promote thg ea
coagulation.

3CaO A0, + 6H,0 — IO AI,0,0H O

(4) 4CaQAI203[Fe203: The content is about 10% of total weight, iasan promote the early strength.
4Ca0MA O, [FeO,+Ca(OH),+1H O - THOAN O [161 O+ 8 BFeD [1H O

(5) CasS0O4: Although the content is only about 3%hiea cement, 3Ca@®I1203 and it react with water, generate a
kind of chemical compound named "cement coli".

3CaS0, +3CaO[Al,0,+3H 0 . T A 0,08a0,

Therole of clay particles and cement hydrates
After the cement of all kinds of natural gas hydsagieneration, have their own continue to hardenivegformation
of cement skeleton; others react around it hastaineactive clay particles.

(1) lon exchange and aggregate role: When clayatdr combine, it shows a colloid characteristichsas: after
SiO2 with highest content in the soil meet with evatolloidal silicate particles form, sodium iooss potassium
ions which are on the surface, can equivalent exghaadsorption with calcium ions generated by hyainaof
cement, that makes small soil particles to forrgdaisoil aggregate, so that increasing the s@hgth.

(2) Hard condensation reaction: with the deepenirithe cement hydration reaction, a large numbeaéfium ions
in the solution precipitate, when the quantity i®mion exchange requirements, in alkaline envirentnit can
make SiO2, part or most of Al203 react with calciions, gradually produce crystalline compound inbt in
water, increase the strength of cement-soil, aaddhctions are as follows

SO, +Ca(OH),+nH 0 - CaO RSO, (n+ 1H .0
Al ,0,+Ca(OH),+nH O - CaO Al ,O,On+ 1)H O

BASIC PROPERTY ANALYSISOF SOIL SAMPLES
Soft soil samples were obtained from Fuzhou, Zhudnad Yingkou. The basic properties of the soil gias were
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initially tested.

Analysis of granularmetric and plasticity

The physical properties of the soil samples arevshim Table 1. All of the soil samples exhibit aaigr size of
<0.075 mm and >90% silt fraction and clay fractaamtent. Fuzhou and Zhuhai samples contain highuatacof
clay; Yingkou samples contain high silt fraction. particle content analysis, the clay content ef $hil samples
increases and the silt content decreases aftesperding agent was added; thus, dispersing agamigicantly
affect soft soil from three locations. This findiig due to the flocculation of the soil sampleswhich large
amounts aggregate to form water-resistant “fallsel8. After dispersant agents are added, thesHdilt” disperses
into clay; thus, clay content increases. The “fai#& content decreases and eventually dissip&tsticity strength
depends on the clay content and the hydrophiliceegf clay minerals. High clay content and plastiodex
strengthen soil plasticity. Differences in pladtiare due to the inference among the particleartnatof the samples
from the three sites. In Table 1, Fuzhou and Zhwgwili samples have relatively high plasticity indexthat
correspond to the measured value of the clay canten

Table 1: Physical property of the original samples

The percentage of fraction (%)

Soil samples Dispersing agent Sand fraction  Silt fraction  Clay fraction Liquid limit (%)  Plastic limit (%) Plasticity index
2~0.075 0.075~0.005 <0.005

T R S T = 2

TS B 2 2

- A R

Mineral composition

Mineral composition is another important factorttbffects the geological properties of soil engiimag It can
further determine the soil composition by analyzimmeral composition and granulometric compositibtineral
composition mainly includes primary and secondamyemals. X-ray diffraction is conducted for semiaqpitative
analysis and sample evaluation. Table 2 showstlieaprimary mineral in the soil is quartz and ttieg secondary
mineral content is very high at approximately 50¥he clay minerals are mainly illite, a mixed layef
illite—smectite, and minimal kaolinite and chloriteut no montmorillonite. The high clay contenpalk the soil to
have stronger hydrophilicity and increases thedliffy for consolidation.

Table 2: Resultsof mineral ¢

Mineral relative amount (B)/10-2

Soil samples

Q Fs Pl Cc Mu /S | K Ch Am
Fuzhou 21 5 4 6 3 15 33 7 5 1
Zhuhai 22 7 11 5 4 11 32 2 5 1
Yingkou 20 5 9 6 5 10 34 4 4 3
Q--Quartz  Fs--Feldspar  Pl--Plagioclase Cc<ial Mu--Muscovite Am--Amphibole  1/S--illite —saatite mixed layer
K--Kaolinite  I--lllite  Ch--Chlorite

Analysis of soluble salt composition

Chloride, soluble sulfates, carbonates, and otb&rbke salts are collectively referred to as sadubblts. The
existing form of soluble salts interchanges betweaid and liquid 13. Previous studies found tlet ¢thanges in
content, composition, and status of soluble sadtsificantly influence the structural and soil pele surface-linked
double-layer characteristics; as such, the physiedimechanical properties of soil are affected.

The soluble salt composition of the soil sampleshiswn in Table 3. The results show that the wdélble salts of
the samples from the three regions mainly commmsaély Cl-. Solid soluble salts affect the cemedontapf the
particles in dry soil, whereas ionic soluble saiteract with charged particles in the soil witlglhniamounts of water;
thus, engineering geological soil properties afecé#d. Soluble salts can cause changes in theicalepnoperties
of the soil and decrease its physical propertiagjqularly water flow. Contrast soluble salt corsjion is observed
in different locations. The Yingkou sample contdims is highest soluble salt, whereas the Fuzhmpkacontains
the lowest salt but exhibits more Ca2+ and SO42425 reacts with Ca2+ and Al3+ produced from cement
hydration and then forms ettringite. The volumetfingite can expand and partially fill in the cemtrsoil porosity.
Ettringite decreases porosity and generates laegelle-like crystals. Crystals and calcium silichyelrate form
spatial structure in the pores, inducing a refipetk size distribution of cement consolidated ghilis, soil strength
is improved.
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In Table 2, the pH of the soil samples is weakkahhe. The clay minerals of the samples from tive¢ areas are
substantially illite, smectite, and soluble salfbe solution pH and the isoelectric pH values asth minerals,
particularly soluble salts, significantly differ dufiorm a thick diffusion layer. The presence of Na+soluble salts
thickens this diffusion layer; as such, the engimeegeological characteristics of the soil are kezraed.

Cation exchange capacity (CEC) differs in the sasgitom the three locations. The Fuzhou samplelyighe
highest CEC. The clay content of the soil and CEE positively correlated. Thus, more clay conteetsult in
higher CEC, which is also consistent with the gfammetric composition results. Numerous Na+ in Fuzhou
samples form a thicker diffusion layer of the paetisurface. Thus, the engineering geological ptaseof the soil
in Fuzhou are poorer than those of the two othgiores.

Table 3: Chemical composition

Soluble salt (g/100g)

Soll samples— ™ Tc03 Caz+ Mg2+ S042-  Ki  Nar P CEC(mmol1009)
Fuzhou 0944 0692 0011 0037 0053 0338 0001 0051 7.15 1131
Zhuhai 1101 0.884 0014 0023 0043 0252 0001 0005 7.13 411
Yingkou 1466 1168 0.006 0031 0088 0.327 0046 0017 7.12 222

Organic ingredients

Most of the organic matter in soft soil is conggtliby yellow or brown, comp and uneven acidic pwy known as
humus. Humus is classified as soluble humus (mainlyic acid and fulvic acid) and insoluble humica{nty

humin); humic acid and fulvic acid greatly influenthe reclamation effects of cement consolidatédldo Fulvic

acid can be dissolved by acid and alkali, and ¢mméd salts are soluble in water. The monovaldig armed by
humic acids only are also soluble in water. Theteots of humic acid and fulvic acid in the soiingdes were
extracted and analyzed. The results are shownbfe™a The total amount of organic matter in thi samples is
approximately 11% to 13%, and the Yingkou samptddg the lowest total organic matter. The concéptra of

humic acid, fulvic acid, and humin are 4% to 5%p@Eimately 5%, and approximately 2%, respectively.

Fulvic acid is easily absorbed by minerals contajnmore aluminum when cement is used as a curiegtag

consolidate soft soil with high organic contentivieiacid eventually forms an adsorption film layar the surface,
thereby preventing cement hydration. Fulvic acidaeposes the generated hydrated calcium alumihgteated

sulfoaluminate, and hydrated calcium aluminoferfitdvic acid also disrupts the formation of cemeanhsolidated
soil structures 15. Humic acid is more sensitiveatcium in cement consolidated soils. Humic acd mteract
with calcium ions and can produce insoluble sulzgtarwhen cement hydration produces a high amoucdlofum

ions; as a result, the formation of crystallinestahces 16 and the growth of cement-soil strengtinapeded.

Table 4 Composition of organic matter and each component

Soil samplesAmounts (%)Humic acid (%)Fulvic acid (%)Humin (%)

Fuzhou 12.129 4.578 4.907 2.032
Zhuhai 12.906 4.436 5.183 2.131
Yingkou 11.293 4.548 4.937 2.032

Preparation of samples

Many factors, such as granularmetric, mineral, elnemical compositions, affect cement reinforcem&he soil
samples from each region were treated with the ssangxture solution to ensure comparative restlte effect
mechanism of the admixture to cement consolidatéddvas analyzed using the reinforcing effect af #ame areas
with different admixture. The effect mechanism ombination with the basic physical properties, bdusalt
composition, organic matter content, and other testilts were used to determine the possible sffetthese
factors on the admixture.

The samples for uniaxial compression test weregyegh The soil samples were soaked in a specifisouat of
water for a day to ensure that soil and water farsystem. Under the general conditions of softaswl mucky soil,
the moisture content of each sample was 60%. THstume content of the Yingkou sample is 60%, aseoled
during the preparation process. However, its céasty in the actual condition is different from ttveo other
regions because of high silt content and low clagtent. Therefore, the moisture content of the Xamgsample
was adjusted to 40%. Soil, cement (mixing ratid%86), and admixture were stirred uniformly, and saenple
density was approximately the same in each grolye fhixture was placed by hand into a saturator thed
subjected to uniaxial compression tests. The sawpdee sealed and cured for 28 d.

Admixture design
Various cement admixtures are commercially avadlalhe commonly used mixtures are early-strengtniag
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water-reducing agent, retarder, and air-entrainiggnts 17. In this research, early-strength agahtaater-reducing
agent were used. Early-strength agents acceldratéetvelopment of the early strength of cement-aateted soil.
These agents include chlorine salts, sulfates,nizgamine, and the mixture of these three typedeffaducing
agents decrease water consumption to maintainaime slump condition. Commonly used water-reducigents
include lignin and water-soluble resin. Excessitfdoidde can cause corrosion that affects reinfoer@mThus,
early-strength agents selected in this experimeat aalcium sulfate, aluminum sulfate, and sodiurifases
water-reducing agent is UNF. UNF is commonly usedrigineering and mainly consistspefiaphthalene sulfonate.
The test solutions are listed as follows: (1) sodlement; (2) soil + cement + UNF (mixing ratio/%); and (3) soll
+ cement + UNF + early strength (mixing ratio, 1%).

Analysis of test results

The soil samples from the three regions were pesh&or uniaxial compression test according to ttmiature
program and sample preparation requirements. Mécdlandex was evaluated among the samples. Thatsesre
shown in Table 5, as presented below.

Table 5 Uniaxial compressive test results

The uniaxial compressive strength (KPa)

Soll samples —= o ementrUNE _ Cement+UNF+CaSO4 _Cement+UNF+@2]3 _Cementt UNF+Na2SO4
Fuzhou 112.6 1208 1545 1406 130.6
Zhuhai 96.9 99.4 122.8 112.8 103.9
Yingkou  187.7 1915 211.8 205.9 200.7

(1) The three sites show similar patterns of usibgompressive strength in the samples within #mesarea with
different admixture solutions. The strength is Istvavhen only cement was added but improves when an
appropriate amount of admixture was provided. Béife admixtures also elicit varying effects. Thenples with
water-reducing agent and early-strength agent é@xhigher uniaxial compressive strength than theagas with
water-reducing agent only. The type of early-sttRragent significantly affects the uniaxial comsies strength,

as observed in the samples with early-strength tagiedh water-reducing agent. The sample added veittiuzn
sulfate as early-strength agent exhibited the tggheiaxial compressive strength.

These results could be attributed to the originthefsoil samples, which are obtained from coasteds in China.
Moreover, organic matter and soluble salts in thiesignificantly affects the reinforcement of cemheAluminum

sulfate and calcium sulfate used as early-streagédnt can promote early strength and provide acpat amount
of aluminum ions and calcium ions that can enhaheeconsumption of humic acid and fulvic acid. Thtfse

generated calcium ions and aluminum ions during es#nhydration can participate in various hydratemmd

hardening reactions, thereby increasing the cemahtstrength. Sodium used as an early-strengtimtaigethe

samples improves early strength but does not jjzatie in the hydration reaction of cement becadsesufficient

calcium and aluminum ions. Fulvic acid and humiicl@tso consume calcium ions and aluminum ions peced by
cement hydration; thus, the strength of the sarmgudeled with calcium sulfate or aluminum sulfatpasr.

The uniaxial compressive strength of the sampléedadavith calcium sulfate and aluminum sulfate atyesirength

agent was compared. The uniaxial compressive gtraaglightly higher in the sample added with aatt sulfate

as early-strength agent. This finding confirms tihat effect of fulvic acid, which can easily combiwith calcium

ions, on cement hydration is significantly highkan that of humic acid. Fulvic acid and humic aca@htain

aromatic nuclei, amino acids, and other groupseatnibit almost the same chemical structure. Fudwiid shows a
relatively simple molecular structure and higherboayl content than humic acid. However, these teids

significantly differ in nature. Fulvic acid exhibihigher dispersion and fluidity than humic acidlvi€e acid can also
stabilize the coacervation of electrolytes and dbility of its hydroxy acids is stronger than tefthumic acid;

therefore, fulvic acid elicits a strong destructeféect on soil minerals 18.

(2) The experimental results of Fuzhou and Zhuhaiges with the same admixture program were condpdiee

uniaxial compressive strength of the Fuzhou sanwpleigher because of lower organic matter and $elshlt

content in other samples. Fulvic acid content, Whéignificantly affects the destruction, is alsavéw. Small

amounts of fulvic acid and humic acid can reachwaiuminum ions and calcium ions produced in cerhgdtation.
The delay degree of cement hydration is low arghdly affects the formation of cement-soil struetand strength;
therefore, the strength is slightly higher.

The results of the samples in different locationd aample programs, but the same admixture prograra also

compared. The uniaxial compressive strength ofvihgkou sample is the highest followed by Fuzhod @huhai.
This finding could be attributed to the preparatidrihe test samples and lower the moisture comtktite Yingkou
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sample (40%) than the two other samples. The letlvben solid particles is strong and mechanicahgth is high

when water content is low, but these links weakéemwater content is high. The Yingkou sample dostenore

silt but less clay than the other samples; thus,sthil exhibits strong permeability is strong, loampression and
hydrophilicity, and decreased void ratio; as altestrength is increased.

CONCLUSION
On the basis of the experimental results, we ptaberfollowing conclusions:

(1) The soft soil of the three areas mainly corgaitt and clay. Fuzhou and Zhuhai soil samplegatorhigh clay,
whereas the Yingkou sample contains high silt. gklthe soil samples contain high amounts of soldaliés. The
soil sample solutions are weakly alkaline. Morepvke Fuzhou sample yields the highest CEC amoegtttee
areas.

(2) The samples from the three regions contain bigianic matter. The experimental results of thapas in one
site were compared. The uniaxial compressive stheimgreases in the samples added with water-raguagent
and different early-strength agents as admixtutength increases in the samples added with calsulfate as
early-strength agent. The strength also increaséisei samples with sodium as early-strength agentolwer than
the improvement effect in the samples added witimalum sulfate and calcium sulfate as early-stieraggents.
This result shows that the sample contains highuatsoof fulvic acid and humic acid; this resulteathows that the
effect of fulvic acid on cement-consolidated ssigreater than that of humic acid.

(3) The test results of the samples with the sadrmixure program in different locations were congzarThe
universal compressive strength is high when thestam content or clay content of the soil sampgelw. This
finding explains that many factors, including orgamatter content, granularmetric, soluble saltj anoisture
content, could affect cement consolidated soil.réfoee, cement could be used as a curing agerirtsotidate the
soft soil of coastal cities that contain high origamatter and exhibit cohesion. However, granuldrimesoluble salt,
and organic matter contents should be considersél@tting the optimum admixture.
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