
* **  
 **     * 

                                             ** 
 

Relationship between the micro texture and strength development of cement-treated clay 
under high pressure environmental condition. 

 
 By Akiko Shimaoka,  Takashi Sano 
 Koichi Momma Takahiro Kumagai 
 Ritsuro Miyawaki        
 

 

 
Bentonite and a cement-based hardener were mixed and cured under high water pressure simulating deep sea conditions. The relationship 

between the microstructure of the generated phases and the mechanical strength of the cured cementitious soil was investigated. Samples were 
cured under hydrostatic pressures ranging from atmospheric pressure to 50 MPa and at a constant temperature of 20°C. The microstructure, 
chemical composition, and crystalline phases were investigated by scanning electron microscope (SEM), X-ray fluorescence (XRF), and X ray 
diffraction (XRD), and their relationship with the curing characteristics was examined. Samples cured at high pressure tended to have higher 
strength than those cured at atmospheric pressure for the same curing period. An unknown phase, presumed to be Layered Double Hydroxide 
(LDH)-type cement hydrate, showed a stronger correlation with the uniaxial compressive strength than an ettringite-type phase, which has been 
reported to affect the strength of cement-improved soils. 
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Table 1  Experimental conditions: compounding and pressure 
and curing days. 

1) Water-Cement ratio. 
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Fig. 1  Appearance of the autoclave. The photo shows a curing 
experiment at 50MPa at a constant temperature of 20°C. The design 
details of the apparatus are shown in Fig. 2. 
 

Pressure Tempe-
rature

Curring
period

MPa day

Case 1 50 20 3

Case 2 30 20 3

Case 3 10 20 3

Case 4 50 20 7

Case 5 30 20 7

Case 6 10 20 7

Case 7 50 20 28

Case 8 30 20 28

Case 9 10 20 28
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Fig. 2  A design cross section of autoclave. The numerical units 

in the figure are mm. The dotted lines on the left and right 

indicate autoclaves for high and low temperature curing, 

respectively. 
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Fig. 3  Uniaxial compressive strength results of cemented clay 

cured under each condition. The horizontal axis is the number of 

curing pressure. The circles, squares and triangles indicate 3, 7, 

and 28 days of curing, respectively. 
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Table 2 Results of uniaxial compressive strength test and soil test. 

Run Curring Pressure 
(MPa) 

Curring Period 
(days) 

Uniaxial 
compressive 

strength (kN/m2) 

Water content 
(%) 

Density, wet 
(g/cm3) 

0_N 0.1, ambient 
3 19.1 407.0 1.152 
7 32.8 413.3 1.154 

28 109.7 404.4 1.143 
Case 1_N 0.1, ambient 3 18.6 407.0 1.128 
Case 1_H 50 3 32.5 395.7 1.136 
Case 2_N 0.1, ambient 3 16.3 399.8 1.139 
Case 2_H 30 3 25.1 396.7 1.150 
Case 3_N 0.1, ambient 3 18.7 326.0 1.150 
Case 3_H 10 3 20.5 334.3 1.145 
Case 4_N 0.1, ambient 7 35.0 404.6 1.148 
Case 4_H 50 7 66.9 395.8 1.146 
Case 5_N 0.1, ambient 7 38.5 397.1 1.150 
Case 5_H 30 7 52.7 388.5 1.150 
Case 6_N 0.1, ambient 7 39.0 394.0 1.154 
Case 6_H 10 7 45.2 404.9 1.151 
Case 7_N 0.1, ambient 28 114.9 400.0 1.151 
Case 7_H 50 28 170.8 388.4 1.149 
Case 8_N 0.1, ambient 28 120.8 387.0 1.153 
Case 8_H 30 28 152.0 382.4 1.150 
Case 9_N 0.1, ambient 28 119.0 384.7 1.146 
Case 9_H 10 28 137.7 381.7 1.148 
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Table 3 Results of Mercury Intrusion Porosimetry (MIP) test. 
Curing period (days) 7 28 

Curing pressure (MPa) 0.1, ambient 50 0.1, ambient 50 

Total pore volume in 1 g of sample (ml/g) 0.732 0.874 1.419 1.332 

Total pore volume of surface area (m2/g) 33.3 53.7 62.9 66.2 

Median diameter ( m) 0.34 0.57 0.9 0.77 

Bulk density (g/ml) 0.862 0.758 0.535 0.565 

True density (g/ml) 2.336 2.243 2.221 2.285 

Porosity (%) 63.11 66.22 75.91 75.27 

Uniaxial pressure compressive strength (N/m2) 35.0 66.9 114.9 170.8 

 

Fig. 4 3, 7, 28
50MPa

50MPa 7
50MPa

 

Fig. 4 SEM (scanning electron microscope) images of cement-improved soil cured under each condition. Each SEM image was taken 
under almost same magnification, 3500 to 3700 times. The left column shows samples cured under atmospheric pressure, and the right 
column shows samples cured under high pressure (50 MPa). From top to bottom, each columns show different curing periods (3, 7, and 
28 days). Needle-shaped crystals were observed within the dotted line in the SEM image of the sample aged at 50 MPa for 7 days.
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XRF XRF

Table 4  Fig. 5

N/A: AS2-10  AS-3

AS2-10 3

AS-3 28

50MPa AS-4

AS2-4 AS-7 AS2-5 30MPa AS-5 10MPa AS-6

AS2-1 AS2-2 AS2-3 20

28

AS-4 AS2-4 AS-7 AS2-5

Table 4 Results of analysis of major constituents.

Run 
Curring 

pressure 

(MPa) 

Curring 

period 

(days) 

XRF 
I.D. 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 ig.loss Total 

N/A - - AS2-10 46.30 0.22 10.07 1.54 0.10 2.22 26.47 0.87 0.31 0.19 12.14 100.43 

1_N 0.1 
3 

AS2-8 44.33 0.20 9.62 1.47 0.08 2.12 25.64 1.07 0.29 0.16 13.62 98.60 

1_H 50 AS2-6 44.39 0.20 9.63 1.47 0.08 2.11 25.61 0.88 0.28 0.16 13.82 98.63 

4_N 0.1 
7 

AS2-9 44.00 0.20 9.50 1.46 0.08 2.09 25.28 0.82 0.27 0.16 14.97 98.83 

4_H 50 AS2-7 43.83 0.20 9.47 1.44 0.08 2.07 25.22 0.87 0.27 0.16 15.20 98.81 

N/A - - AS-3 45.97 0.21 10.02 1.57 0.09 2.20 26.96 0.88 0.31 0.17 11.67 100.05 

7_N 0.1 

28 

AS2-1 41.65 0.19 9.10 1.39 0.08 2.00 24.12 0.94 0.26 0.15 19.51 99.39 

7_H 50 AS-4 42.08 0.19 9.12 1.44 0.08 2.00 24.55 0.90 0.27 0.15 18.86 99.64 

7_H 50 AS2-4 39.47 0.18 8.60 1.31 0.07 1.88 22.79 0.81 0.24 0.14 23.78 99.27 

7_H 50 AS-7 41.05 0.19 8.93 1.37 0.08 1.96 23.69 0.80 0.25 0.15 19.30 97.77 

7_H 50 AS2-5 39.35 0.18 8.60 1.29 0.07 1.88 22.56 0.73 0.23 0.14 26.83 101.86 

8_N 0.1 AS2-2 41.47 0.19 9.04 1.38 0.08 1.97 24.02 0.98 0.26 0.15 19.38 98.92 

8_H 30 AS-5 41.62 0.19 9.05 1.42 0.08 1.99 24.33 0.91 0.27 0.15 20.34 100.35 

9_N 0.1 AS2-3 42.17 0.19 9.16 1.39 0.08 2.00 24.05 0.85 0.25 0.15 20.55 100.84 

9_H 10 AS-6 42.43 0.20 9.21 1.45 0.08 2.03 24.89 0.79 0.26 0.15 17.74 99.23 
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Fig. 5 Results of chemical composition analysis of 

cement-improved clay cured under various condition. The 

horizontal axis is the number of curing days. The square symbols 

are samples cured under atmospheric pressure, and circles are 

samples cured under high pressure (50MPa). The triangular 

symbol indicates the control sample. The error bar means 1 .
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Table 5

XRD-4cU XRD-4c XRD-4cL

I.D.

a, b, c 3

3 7 28 17.9 37.5 118.2kN/m2

7.6 5.9 2.6
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Fig. 6 XRD patterns of cemented clay cured under each condition. X-ray diffraction analysis results of the sample cured under each 

condition (horizontal axis is diffraction angle (2 ), vertical axis is diffraction intensity). The charts (1) ~ (3) show cured samples under 

atmospheric pressure, and the charts (4) ~ (6) are for samples under the high pressure (50MPa). The spectra within 2  = 8 ~ 13° in upper 

rows are enlarged in lower rows. The intensities of typical peaks of cement-minerals, ettringite-type and undetermined phase (speculated 

as an LDH-type), show trends of positive correlations to the uniaxial compressive strength, in solid and dotted circles, respectively. The 

symbols denote the phases, respectively, as follows:  (Quartz),  (Calcite),  (Clinoptilolite),  (Smectite group mineral), 

 (Albite),  (Coquimbite),  (Ettringite group mineral),    (LDH phase). 
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Table 5 The X-ray diffraction peak intensity and uniaxial compressive strength for each cured sample. 

XRD 
I.D. 

Run 
Curring 
period 
(Day) 

Currinng 
pressure 
(MPa) 

XRF I.D. 
Sampling 
position 

Intensity of 
peak at 11.7° in 

2  (cps): 
Undetermined 

LDH phase 

Intensity of 
peak at 

9.07° in 2  
(cps): 

Ettringite 
group phase 

Strength 
(kN/m2) 

XRD-1 

1_N 

3 

0.1 

N/A Middle 180 420 19.1 

XRD-2a 

AS2-8 

Middle-1st 100 330 

18.6 XRD-2b Middle-2nd 100 330 

XRD-2c Middle-3rd 80 250 

XRD-4a 

1_H 50 

AS2-6 

Middle-1st 240 380 

32.5 

XRD-4b Middle-2nd 220 380 

XRD-4c Middle-3rd 200 340 

XRD-4cU 
N/A 

N/A Upper 180 360 

XRD-4cL N/A Lower 240 400 

XRD-5  

7 

0.1 

N/A N/A Middle 370 460 

35.0 
XRD-6a 

4_N AS2-9 

Middle-1st 360 360 

XRD-6b Middle-2nd 360 380 

XRD-6c Middle-3rd 360 380 

XRD-7a 

4_H 50 AS2-7 

Middle-1st 750 400 

66.9 XRD-7b Middle-2nd 1200 460 

XRD-7c Middle-3rd 840 420 

XRD-8 

7_N 
28 

0.1 
N/A 

Middle 1050 380 

114.9 XRD-8 Middle 1250 340 

XRD-9 AS2-1 Middle 2400 540 

XRD-12 7_H 50 AS-4 Middle 4900 650 170.8 

Samples for XRD analysis from each specimen are marked with a letter of the alphabet (a, b, c) appended after the run number. Samples 

taken from the upper, middle and lower portions of the same sample are indicated by the abbreviation U or L, as in XRD-4cU, XRD-4c 

and XRD-4cL. The numbers of samples taken from the middle portion are not numbered. 

 

 

50 25

Fig. 7. a, b

cps

50MPa

3 7 28

7a

7b

170.8kN/m2 28 50MPa

18.6 kN/m2 3

2

40

36-10



Fig. 7.a  Relationship between the XRD intensity of Ettringite 

and uniaxial compressive strength. The XRD intensity is the 

intensity (cps) of the strongest reflection peak of ettringite-type, 

and each plot shows average value for each condition. The open 

circle symbols show cured samples under atmospheric pressure. 

The black circle symbols show cured samples under high pressure 

(50MPa). Circle, square and triangle symbols show cured samples 

for 3, 7 and 28 days, respectively. Each bar of the peak intensity 

shows the minimum and maximum values of peak intensity. 

Fig. 7.b Relationship between the XRD intensity of 

undetermined phase and uniaxial compressive strength. The 

XRD intensity is the intensity (cps) of the strongest reflection 

peak of undetermined phase, and each plot shows average value 

for each condition. The open circle symbols show cured samples 

under atmospheric pressure. The black circle symbols show 

cured samples under high pressure (50MPa). Circle, square and 

triangle symbols show cured samples for 3, 7 and 28 days, 

respectively. Each bar of the peak intensity shows the minimum 

and maximum values of peak intensity. 
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