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ABSTRACT: Calcium phosphate compound (CPC) develops calcium carbonate (CC) precipitation throughout 

the soil and increase the soil strength. In this paper, the condition for CPC precipitation by using different 

mixtures of calcium and phosphate stock solutions were investigated and analyzed. For that, Toyoura sand test 

pieces were cemented by CPC solutions and cured up to 28 days and carried out unconfined compressive 

strength (UCS) test. The best CPC-Chem mixtures were 1.5M CA: 3.0M DPP and 1.5M CN: 3.0M DPP with 

the concentration of Ca/P ratio is 0.5. In addition the UCS values of Toyoura sand test piece cemented with 

CA: DPP and CN: DPP were 144.65 kPa and 143.60 kPa respectively. Furthermore, pH concentration and 

scanning electron microscope (SEM) were observed. The results indicate that the pH concentration was 

increased with the curing time for the calcium to phosphate molar ratio was 0.5. Wisker-like crystal formation 

showed only sample prepared with CA: DPP=0.5 mixture. 
 

 

1   INTRODUCTION  

 
The improved engineering behavior and 

performance of cemented soil over its un-cemented 

state contributed to the development of artificial 

cementation. However, cement grouting comprises 

several environmental problems such as high CO2 

emissions during cement production, high energy 

cost for re-excavation and hard to recycling the 

improved ground.  

In recent years, a new geotechnical method has 

been developed that involves the use of 

microorganisms for ground permeability control 

and/or reinforcement by Harkes et al (2010). The 

process of ground improvement by biological 

action is called “biogrouting” by  Paassen et al 

(2009). Moreover, a novel ground stabilizer was 

developed to increase the number of options 

available among cementing mechanisms based on 

microorganisms by Akiyama and Kawasaki, 

(2012a) and Akiyama and Kawasaki (2012b).  

To the best of our knowledge, no existing grout 

material makes use of the self-setting mechanism 

of CPC alone or employs microbial pH adjustment 

activity for CPC precipitation. CPCs have unique 

physical and chemical characteristics. 

Their numerous advantages as a grout material 

include the following: 

1) The solubility of CPCs depends on the pH of 

the surrounding environment (Fig. 1) by Tung 

(1998).  

2) Gel-like or amorphous CPCs change into HA 

over time (Fig. 2) by Tung (1998). Therefore, 

CPC hardens after injection into soil and rock 

because of the self-setting mechanism. 

3) Phosphate and calcium stock solutions can be 

made from fertilizers, and calcium and 

phosphate can also be extracted from the bones 

of livestock and the shells of aquatic animals, 

respectively.   

4) CPCs that precipitate after grout injection are 

non-toxic.   

5) Unlike concrete, re-excavated muck that 

consists of soil, rock, and CPC grout is 

recyclable as agricultural fertilizer.  

Research on CPC precipitation and 

solidification is also currently underway in the 

field of medical and dental science. It is reported 

that the unconfined compressive strength (UCS) of 

CPC exceeds 10 MPa under normal temperature 

and pressure conditions by Fernández et al (1998). 

However, medical CPC paste is extremely 

expensive and has high viscosity, which makes it 

unfeasible for engineering applications.  
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Fig. 1 Solubility phase diagrams for the ternary system, 

Ca(OH)2–H3PO4–H2O, at 25 °C, showing the solubility 

isotherms of CaHPO4 (DCPA), CaHPO4·2H2O (DCPD), 

Ca8H2 (PO4)6·5H2O (OCP), α-Ca3(PO4)2 (α-TCP), β-

Ca3(PO4)2 (β-TCP), Ca4(PO4)2O (TTCP), and 

Ca10(PO4)6·(OH)2, (HA). The figure is adapted from 

Tung (1998). 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Formation, stability, and hydrolysis of calcium 

phosphates as a function of phosphate concentration 

(log (P)) in solutions of amorphous calcium phosphate 

(ACP) at neutral pH. OCP, octacalcium phosphate; HA, 

hydroxyapatite. The figure is adapted from Tung 

(1998). 

 
Novel grout using CPCs has been used for 

countermeasure for soil liquefaction in 

geotechnical engineering applications and it is an 

economically feasible and environmental friendly 

ground improvement technique that develops to 

form calcium carbonate (CC) precipitation 

throughout the soil and leading to an increase in 

soil strength. The  maximum   unconfined  

compressive strength  (UCS)  of  sand  test  pieces  

cemented  with  CPC-Chem  was found to be 63.5 

kPa by Kawasaki and Akiyama (2013). 

In the present study, our aims were examine the 

soil improvement by adding different CPC 

mixtures by using phosphate and calcium stock 

solutions and identify the best CPC mixtures to 

exceed a maximum UCS of 100 kPa after 28 days 

of curing, which is the strength required to avoid 

soil liquefaction during earthquake by Yamazaki et 

al (1998).  Therefore, test pieces composed of sand 

cemented by CPC were subjected to unconfined 

compressive strength (UCS) tests and observed by 

scanning electron microscopy (SEM).  

 
2   METHODOLOGY 

 
In this study, for the CPC-Chem, calcium acetate 

(CA) and calcium nitrate (CN) were used as a 

calcium solutions and diammonium phosphate 

(DAP) and dipotassium phosphate (DPP) were 

used as phosphate solutions. The concentrations of 

CA and CN solutions were varied from 1.5 M to 

0.5 M and the concentration of DAP and DPP was 

constant as 3.0 M for prepare the CPC-Chem 

solution mixture with two different Ca/P ratios 

(0.5 and 0.25). Eight CPC-chem mixtures were 

prepared.  

A standard sand test piece was made from 

320.09 g of Toyoura sand (mean diameter D50 = 

170 µm, 15% diameter D15 = 150 µm) and 73.3 

mL of CPC-Chem according to the previous report 

(Akiyama and Kawasaki, 2012a). Considering 

these values, 36.7 mL each of the phosphate and 

calcium stock solutions were mixed, making their 

final concentrations half of their initial 

concentrations. Immediately after the reaction 

mixture was prepared, it was uniformly mixed 

with weighted Toyoura sand in a stainless-steel 

ball for 2 min. This mixture was divided into 

quarters, each of which was placed into a mold 

with an OHP sheet. The sand in the mold 

container was tamped down 30 times by a hand 

rammer after each of the four quarters was placed 

in the mold. Finally, the edge surface of the test 

piece was molded flat and covered with Parafilm 

to avoid desiccation.  

The test pieces were cured in an airtight 

container at a high humidity for 1, 7, 14, and 28 

days at 20 °C. The UCS of the test pieces removed 

from the mold container after curing was 

measured at an axial strain rate of 1 %/min by 

employing a UCS apparatus. For each curing time, 

two test pieces were used to perform the UCS test. 

To avoid the destruction of the test pieces during 

their removal from the mold, the inner wall of the 

mold container (φ = 5 cm, h = 10 cm) was covered 

with a 0.01-cm-thick overhead projector (OHP) 

sheet.  
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The pH of the test pieces was calculated as an 

average of three measurements (top, bottom, and 

middle of each test pieces) using pH Spear 

(Eutech Instruments Pte., Ltd., Singapore). 

Segments of the UCS test pieces were observed by 

an SEM. The segments were naturally dried at 

20◦C for a few days and carbon-coated with a 

carbon coater. SEM observations were carried out 

at an accelerating voltage of 15 kV and at x 600 

magnification. 

 
3   RESULTS AND DISCUSSION 

 

3.1   UCS test of sand test pieces cemented by CPC 
 

Figs. 3 (a) and 3 (b) illustrate the effect of UCS on 

curing time for the test pieces cemented with eight 

CPC-Chem mixtures. According to Fig. 3(a), the 

value of UCS is tended to increase for both CA: 

DPP=0.5 and CN: DPP=0.5. Also UCS is tended to 

constant for both CN: DPP=0.5 and CN: DAP=0.5. 

Also, the UCS values of the test pieces cemented 

by adding DPP are larger than the UCS values of 

the test pieces cemented by adding DAP.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 Relationship between UCS and curing time of 

Toyoura sand test pieces cemented by (a) Ca/P = 0.5 

and 0.25. (b) Ca/P = 0.25. 

 

Moreover, from the Figs. 3(a) and 3 (b), the 

UCS value of the test pieces with Ca/P=0.5 is 

larger than the UCS value of the test pieces with 

Ca/P=0.25. 

 

3.2   pH of sand test pieces cemented by CPC 
 

Figs. 4(a) and 4(b) illustrate the effect of pH for 

the test pieces cemented by CPC-Chem. The pH of 

the test pieces range from weakly alkaline to strong 

alkaline (6.7-8.5) for Ca/P=0.5 and the pH range 

from acidic to alkaline (6.4-7.7) for Ca/P=0.25. 

Moreover the pH is tended to increase with curing 

time for the samples prepared with Ca/P=0.5 (Fig. 

4 (a)) while the pH not increase with the time for 

the samples prepared with Ca/P=0.25 (Fig. 4 (b)) 

except the sample cemented with CA: DPP=0.25. 

To identify the reason for the above statement, 

further investigation is needed. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 Relationship between pH and curing time of 

Toyoura sand test pieces cemented by (a) Ca/P = 0.5 

and 0.25. (b) Ca/P = 0.25. 

 

3.3   SEM Observation  
 

Figs. 5 and 6 show SEM images of sand test pieces 

cemented with eight reaction mixture set of CPC-

Chem and the curing time was 14 days. Wisker-

like crystal structure was observed in the sample 

prepared with CA: DPP=0.5 mixture and other 

samples were not clearly observed any crystal 

formation.   

The  increase in  UCS  seemed  to  be  because 

of  the  binding  of  the  sand  particles by  the  

precipitated CPC  that  enveloped  the  CC  

particles.  

 

(a) 

(b) (a) 

(b) 
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Fig.5 SEM images for test samples after 14 days curing 

period (x 600). (A1) CA: DPP=0.5, (A2) CA: DAP=0.5, 

(B1) CN: DPP=0.5 and (B2) CN: DAP=0.5.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.6 SEM images for test samples after 14 days curing 

period (x 600). (A1) CA: DPP=0.25, (A2) CA: 

DAP=0.25, (B1) CN: DPP=0.25 and (B2) CN: 

DAP=0.25.  

 
4   CONCLUSIONS  

 
In this study, the condition for CPC precipitation 

using different mixtures of calcium and phosphate 

stock solutions was investigated and analyzed. It 

concluded that the best CPC-Chem mixtures were 

1.5M CA: 3.0M DPP and 1.5M CN: 3.0M DPP 

with the concentration of Ca/P ratio is 0.5. 

Further, it was concluded that CPC-Chem 

method had a significant potential for strength of 

the soil. The UCS values of Toyoura sand test 

piece cemented with CA: DPP and CN: DPP were 

144.65 kPa and 143.60 kPa respectively after 28 

days curing period which means CPC-Chem 

method was achieved a maximum UCS of over 

100 kPa, which was the strength required to 

prevent ground liquefaction.  

Considering results of pH and SEM images, it 

is concluded that the increase of pH and wisker-

like crystal formation are the governing factors for 

increasing the strength of the sample. 
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