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Abstract

:

The deep mixing method (DMM), an in situ soil stabilization technique, was developed in Japan and Nordic countries in the 1970s and has gained increased popularity in many countries. The quality of stabilized soil depends upon many factors, including its type and condition, the type and amount of binder, and the production process. Quality control and quality assurance (QC/QA) practices focus on stabilized soil, and comprises laboratory mix tests, field trial tests, monitoring and controlling construction parameters, and verification. QC/QA is one of the major concerns for clients and engineers who have less experience with the relevant technologies. In this manuscript, the importance of QC/QA-related activities along the workflow of deep mixing projects is emphasized based on the Japanese experience/results with mechanical mixing technology by vertical shaft mixing tools with horizontal rotating circular mixing blade. The current and recent developments of QC/QA are also presented.
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1. Introduction


The deep mixing method, an in situ soil admixture stabilization technique using cement and/or lime, was developed and put into practice in Japan and Nordic countries in the 1970s. Due to its wide applicability and high improvement effect, the method spread worldwide. More than two decades of practice have seen the equipment improved, stabilizing agents changed, and the applications diversified [1]. The quality of stabilized soil depends upon the type and condition of the soil, the type and amount of binder, and the production process. Quality control and quality assurance (QC/QA) practices have been accepted worldwide for more than five decades [2]. They are comprised of laboratory mix tests, field trial tests, monitoring and control of construction parameters during production, and verification by the engineering characteristics of stabilized soil.



The purpose of deep mixing is not only to produce good-quality stabilized soil, but also to construct improved ground that guarantees the performance of the superstructure. The ground improved by the method is a composite system comprising stabilized soil columns and original soils [1]. Construction control parameters during production include the penetration and withdrawal speeds of the mixing shaft, rotation speed of the mixing blade, flow rate of the binder, and water/binder ratio (for the wet method). However, the field-stabilized soil strength has relatively large variability, even if the production adheres to the established mixing machine and procedure. One of the reasons behind the strength variability is the type of soil. Some cohesive soils are so “sticky” that the soil and binder mixture adheres to and rotates with the mixing blade without efficient mixing (entrained rotation phenomenon). Several approaches can be adopted for such soils: new type special cement, injecting chemical additives, and injecting air.



In this manuscript, the recent development and future perspective of the QC/QA procedures are briefly discussed based on the Japanese experience/results with mechanical mixing technology by vertical shaft mixing tools with horizontal rotating circular mixing blade, as well as the countermeasures for problematic soils.




2. Deep Mixing Method


2.1. Classification of Techniques


There are a wide variety of technologies classified into the deep mixing methods: the mixing by vertical shaft mixing tools with horizontal rotating circular mixing blade, and the mixing by horizontal shaft mixing tools with vertical rotating circular mixing blade. The quality control and assurance is different in each technology. The former technology is focused on in this manuscript. The Japanese deep mixing method can be classified into mechanical mixing, high-pressure injection, and the combination of mechanical and high-pressure injection, as shown in Figure 1. In mechanical mixing, a binder is injected into the original ground and mixed by the mixing blades. The binder is used either with a slurry [3] or dry form [4]. In the high-pressure injection technique, the original ground is disturbed and softened by high-pressure injection of water and/or air at a pressure of 10 to 60 MN/m2, while the binder is injected and mixed with soil. The third technique exploits the features of both mechanical mixing and high-pressure injection [5]. In this manuscript, the quality control and assurance of the mechanical mixing technique is introduced.




2.2. Production Procedure


There are two construction procedures which primarily depend on the injection sequence of binder (Figure 2): (a) injecting binder during the penetration of a mixing tool (penetration injection method) and (b) injecting binder during the withdrawal of a mixing tool (withdrawal injection method). Many Japanese deep mixing equipment install the two injection nozzles for the two methods. The injection nozzle, installed close to the lowermost mixing blades, is used for the penetration injection, but one installed close to the uppermost mixing blade is used for the withdrawal injection. In the case of the penetration injection, the mixing blades cut and disturb the soft soil, and the binder was injected at a constant flow rate during the penetration of the mixing tools into the ground. In the withdrawal stage, the mixing blades rotate reversibly, and mix the soft soil and binder again. In the case of the withdrawal injection, the mixing blades cut and disturb the soft soil during the penetration of the mixing tools into the ground, and the binder was injected at a constant flow rate and mixed the soft soil in the withdrawal stage.





3. Laboratory, Field, and Design Strengths


As the field mixing and curing conditions are quite different from the laboratory mix test, the field-stabilized soil strength is usually different from the laboratory-stabilized soil strength. The field-stabilized soil has a relatively large strength variability. The average strength,      q  u l    ¯   , and deviation of the laboratory stabilized soil and the average strength,      q  u f    ¯   , and deviation of field stabilized soil are schematically shown in Figure 3. The design standard strength, quck, is derived from      q  u f    ¯    by incorporating the strength deviation as Equations (1) and (2). The magnitude of the parameter K can be determined by the probability, which is defined as the frequency of the strength lower than the quck, as a portion drawn with a hatch in Figure 3.


   q  u c k   ≤    q  u f    ¯  − K · σ  



(1)






     q  u f    ¯  = λ ·    q  u l    ¯   



(2)




where K = coefficient, quck = design standard strength (kPa),      q  u f    ¯    = average unconfined compressive strength of field stabilized soil (kPa),      q  u l    ¯    = average unconfined compressive strength of laboratory stabilized soil (kPa), σ = standard deviation of field strength (kPa), and λ = ratio of      q  u f    ¯  /    q  u l    ¯   .




4. Flow of the Deep Mixing Project and QC/QA


4.1. Dep Mixing Project Work Flow


Quality assurance to fulfill the requirements of geotechnical design cannot only be achieved by process control during production, but should involve relevant activities that are carried out prior to, during, and after construction.



QC/QA is one of the major concerns for clients and engineers who have less experience with the deep mixing technique. The procedure of the geotechnical design is different depending on the application, and the construction control parameters and values are also different for different construction equipment. However, the overall workflow shown in Figure 4 (after [6]) is common to deep mixing projects. In the figure, the project owner’s functions are shown in white frame, activities related to the geotechnical design are in slight gray frame, activities related to the process design and actual production with QC are in light gray frame, and accumulated experience and database on locally available production processes is shown in gray frame.




4.2. QC/QA for Stabilized Soil-Current Practice


To ensure sufficient quality of the stabilized soil column, quality control and quality assurance are required prior to, during, and after production. For this purpose, QC consists of (i) laboratory mix tests, (ii) field trial tests, (iii) quality control during construction, and (iv) quality assurance after construction through laboratory tests on core samples.



4.2.1. Laboratory Mix Test


Laboratory mix tests should be conducted on soil samples retrieved from all soil layers to be stabilized to determine a suitable type and quantity of binder to ensure the design strength.




4.2.2. Field Trial Test


Field trial tests are an important preproduction QA, especially when no comparable experience is available. It is recommended to conduct field trial tests in advance in or adjacent to the construction site to confirm the actual field strength and uniformity and determine the construction control parameters and final mix design for production. The change in electric or hydraulic power consumption, change in torque, and/or change in penetration speed are measured to establish the construction control criteria for the bottom treatment.




4.2.3. Quality Control during Production


Stabilized soil columns must be produced to satisfy the specified geometric layout and quality of stabilized soil. The rig operator should control, monitor, and record the geometric layout of each column.



As shown in Figure 5, the operation monitoring covers the quality and quantity control monitoring. The gauges and meters normally used are marked 1 to 8 in Figure 5.



Quality control also includes binder storage, binder slurry preparation, and control of the mixing process. Storage and proportioning of binder, chemical additives, and mixing water are normally controlled, monitored, and recorded at the plant. Construction control parameters during column production include the penetration and withdrawal speeds, rotation speed of the mixing blade, flow rate of the binder, and water/binder ratio (for the wet method). The construction control values are predetermined by the process design considering the laboratory mix test result, field trial test, and contractors’ experience. During column production, construction control values are controlled, monitored, and displayed in the control room for the plant and rig operators. The mixing shaft and blade should be frequently observed for any possible defects during production.



The mixing degree mostly depends on the rotation speed and the penetration and withdrawal speeds of the mixing blade. An index named “blade rotation number”, T, has been introduced to evaluate the mixing degree, which means the total number of mixing blade passes during 1 m of mixing shaft movement, and is defined by Equations (3) and (4) for penetration injection and withdrawal injection. According to accumulated research, the “blade rotation number” should be approximately 270 or larger to ensure sufficient mixing for Japanese wet and dry methods [3,7,8].


  T =  ∑  M ⋅      N d     V d    +    N u     V u          for   penetration   injection  



(3)






  T =  ∑  M ⋅      N u     V u         for  withdrawal  injection  



(4)




where Nd = number of rotations of the mixing blade during penetration (N/min), Nu = number of rotations of the mixing blade during withdrawal (N/min), T = blade rotation number (N/m), Vd = penetration speed of the mixing blade (m/min), Vu = withdrawal speed of the mixing blade (m/min), and ΣM = total number of mixing blades.




4.2.4. Quality Verification


After the improvement, the quality of field-stabilized soil columns should be verified in advance of the construction of superstructures to confirm the design quality, such as continuity, uniformity, strength, permeability, or dimension. Core samples were taken throughout the depth to verify the uniformity and continuity of the stabilized soil column (Figure 6). The engineering properties of the stabilized soil are evaluated by the unconfined compressive strength of the core samples.



The reliability and accuracy of the unconfined compressive strength of the core sample depends upon the quality of the core sample, and the quality of the sample depends upon the drilling and coring method and drillers’ skill. The Denison-type sampler, double tube core sampler, or triple tube core sampler can be used for stabilized soil columns whose unconfined compressive strength ranges from 100 to 6000 kPa. It is advisable to use samplers of a relatively large diameter to take high-quality samples. The quality of the retrieved core is evaluated by visual observation and the rock quality designation (RQD) iindex. The RQD index is defined by Equation (5). The RQD index measures the percentage of “good rock” within a borehole and provides the rock quality. The RQD index was originally applied for evaluating the quality of rock sample, as shown in Table 1.


  R Q D   =    ∑  l e n g t h   o f   c o r e   p i e c e s   >   10   c m     T o t a l   c o r e   r u n   l e n g t h   · 100    %   



(5)







A variety of verification test procedures to examine the engineering characteristics of stabilized soil have been proposed [9,10,11]. However, actual practices rely upon the unconfined compression test on core samples. Most of the other procedures seem to be used only for research purposes or settling noncompliance.






5. Problems Associated with Difficult Soil Conditions


5.1. Stabilized Soil Strength Variability


The field-stabilized soil columns have relatively large strength variability. One of the reasons behind the strength variability is the type of soil. Some cohesive soils are so sticky that the soil and binder mixture adheres to and rotates with the mixing blade without an efficient mixing “entrained mixing phenomenon”, a condition in which disturbed soil adheres to and rotates with the mixing blades, as shown in Figure 7.



When encountering stiff, cohesive, and sticky soil, water is often injected from the bottom outlet of the mixing shaft to increase the fluidity of the original soil. Water injection may be effective in increasing the fluidity of the original soil, but its effect is limited for some types of soil. However, water injection causes a decrease in the long-term stabilized soil strength and increases the ground heaving and horizontal movement during column installation. Several alternative approaches will be introduced in the following section: using a new type of special cement, and injecting chemical additives and air.




5.2. Using the New Type of Special Cement


Aoyama et al. [12] produced two special cements to stabilize cohesive soils that suppress short-term strength increases while guaranteeing long-term strength: Cement-A prevents electrostatic repulsion by negative charges to maintain fluidity, and Cement-B prevents electrostatic repulsion and polyvalent metal ions. Cement-A and Cement-B are mixed with soils T and V, respectively. The soil T (fines content less than 5 μm, Fc of 49%, and fines content less than 75 μm, Fs of 66%) contains a large amount of clay minerals and has a large cation exchange capacity, and the soil V (Fc of 53% and Fs of 99%) contains a large amount of polyvalent metal ions.



Figure 8a shows the shear strength of fresh stabilized soil measured by a hand vane apparatus. The strength of soil stabilized with ordinary Portland cement increases with time soon after mixing, which corresponds to the decrease in the fluidity of the soil and binder mixture. The stabilized soil with Cement-A shows almost no strength gains, even 60 min after mixing, which indicates that the fluidity of the soil and binder mixture is kept high. A similar phenomenon can be seen in Figure 8b, where the stabilized soil with ordinary Portland cement increases in strength, but one with Cement-B shows a slight increase in strength. It should be noted in the figure that soil V stabilized with Cement-A also shows a large strength gain, while slight strength increases were observed in the case of soil T. These results indicate that the strength increase in fresh stabilized soil can be suppressed for about one hour by adding chemical substances appropriate for the soil type.




5.3. Adding Dispersant


Mizutani et al. [13] and Hirano et al. [14] showed the effect of two dispersants on the fluidity of soil and cement mixtures, where three types of soil, (1) artificial soil composed of kaolin clay (70%) and silica sand (30%), (2) artificial soil composed of kaolin clay (40%) and silica sand (60%), and (3) volcanic soil, were stabilized with cement-based special binder [15] mixed with dispersant. The shear strength of the fresh soil and cement mixture measured by a hand vane apparatus is shown in Figure 9. In the case of the glycolic acid dispersant (Figure 9a), the shear strength of the fresh soil cement mixture remained quite small by a very small amount of addition, and was almost constant within 60 min, remaining almost unaffected by the amount of addition. However, the shear strength increased rapidly with the elapsed time when nothing was added. In the case of the polycarboxylic acid dispersant (Figure 9b), the strength of the mixture was smaller than that of the mixture without dispersant and increased with elapsed time. According to these figures, the glycolic acid and polycarboxylic acid dispersant function to keep the fluidity of the soil and binder mixture high soon after mixing. It can thus be concluded that the addition of suitable dispersant functions maintains the fluidity of the mixture.




5.4. Injecting Atomized Cement Slurry


A new type of construction machine is introduced, where cement slurry is accompanied by compressed air at the injection nozzle and atomized cement slurry is injected to mitigate the entrained rotation phenomenon, as shown in Figure 10 [16]. The injected air can function as a ball bearing to increase the fluidity of the soil and binder mixture. Figure 11 shows the stabilized soil strength distribution within the column obtained in field tests to compare the effect of atomized cement slurry injection (CI-CMC technique) and ordinary machines. The 28-day strength of the column stabilized by the ordinary machine shows a comparatively small strength on the order of 1000 to 1700 kPa, while that stabilized by the CI-CMC technique shows a large strength on the order of 3100 to 3600 kPa. The figure also shows that the strength variation of the CI-CMC technique is smaller than that of the ordinary machine. As a result, atomized cement slurry injection can function to keep the fluidity of fresh stabilized soil high, increase the strength, and decrease the strength variation.



Atomized cement slurry can disturb the soil structure and increase the fluidity of the soil and cement mixture, which can contribute to the decrease in the penetration resistance and required mixing energy and, in turn, the mixing machine can penetrate and mix a hard soil layer. Figure 12 shows the required auger torque to compare the CI-CMC and ordinary techniques [16]. In the case of the ordinary mixing machine, the mixing machine is stopped at the hard layer at a depth of approximately −8 m; however, the CI-CMC machine can penetrate through the hard layer. According to the case history, the CI-CMC technique can penetrate approximately 2.5 m into the mudstone layer with SPT N-values of approximately 25 to 50 (qu = 4 to 5 MPa).





6. Prediction of Field Strength by Construction Log Data and Future Perspectives


6.1. Relationship between the W/C Ratio and Stabilized Soil Strength


There are many proposed formulas to predict the laboratory and field strengths [17,18,19,20,21,22]. Among them, one of the key parameters, the W/C ratio, is introduced, which is defined as the total weight of water contained in the soil and binder slurry against the weight of the binder. The ratio is also expressed by the water content of soil, binder content, and water to binder ratio.


    W / C =      W  w s   +  W  w c      /   W c        =    w /  a w   + w / c      



(6)




where aw = binder content, w = water content of soil, w/c = water to binder ratio of binder slurry, W/C = total water to binder ratio, Wc = dry weight of binder (kg), Wwc = weight of water contained in binder slurry (kg), and Wws = weight of water contained in soil (kg).



Figure 13 shows an example of the relationship between the W/C ratio and laboratory stabilized soil strength at 28 days of curing, qu28, for various soils [23]. Furnace slag cement type B was used as a binder in the laboratory mix tests, where the cement dosage and the w/c ratio of cement slurry were changed to cover a wide range of W/C ratios. In the figure, test cases of the w/c ratio of 100% are shown, where the original soils are classified into three groups depending on their fines content, Fc: 0 to 30%, 30 to 70%, and 70 to 100%. The strength rapidly decreased with increasing W/C ratio irrespective of the fine content. It was also found that the strength became larger when the fine content became large. A similar relationship has been found in various soils and binders stabilized by the deep mixing method [24] and pneumatic flow mixing method [25]. The stabilized soil strength can be formulated as Equation (7):


   q u  = a ×     W / C    b   



(7)




where a = parameter (kPa), b = parameter, and qu = unconfined compressive strength (kPa).



The parameters a and b are influenced by the fines content, Fc, where the value of a increases as Fc increases, and the value of b is negative and its absolute value decreases as Fc increases.




6.2. Construction Log Data


Figure 14 shows an example of deep mixing log data of a production column in a certain project. The mixing tool is equipped with two injection nozzles at the elevation of the bottom and top mixing blades for penetration injection and withdrawal injection, respectively. In Figure 14, the positions of the bottom and top mixing blades and the rotation speed of the mixing blade are plotted along the time of day. The ground at the construction site consists of four layers: the clay-1 and clay-2 layers are soft layers with natural water contents of approximately 65–80%, while the alluvial clay and alluvial sand layers are relatively hard layers with low natural water contents. Laboratory mix tests were carried out on the soils, and the relationships between the W/C ratio by changing the cement dosage and the laboratory strength, qul, were examined to obtain parameters a = 37.8 MPa and b = −1.62 for the clay and a = 16.7 MPa and b = −0.98 for the sand in Equation (5).



In the production, as shown in Figure 14, the mixing tool penetrated clay-1, clay-2, and alluvial clay at a constant speed of 1 m/min, while the rotation speed of the mixing blade was kept almost constant at 18 rpm. When the bottom end of the mixing blade reached the alluvial sand layer at −23.2 m, the penetration speed was reduced to 0.13 m/min due to the hard alluvial sand layer where the required torque of the mixing blade was increased. The mixing shaft continued to penetrate into the alluvial sand layer to a depth of −27.5 m with a low penetration speed, while the mixing blade was rotated at a constant speed with several intentional stops. During penetration, water was injected approximately 1.1 m3 at depths of −23.2 m to −23.8 m and approximately 5.09 m3 at depths of −24.7 to −27.5 m from the bottom nozzle for the purpose of softening the alluvial sand layer for ease of penetration. After reaching the design depth of −27.5 m, the mixing tool was moved up and down for the bottom treatment, while cement slurry of 80% w/c was injected from the bottom nozzle (penetration injection).




6.3. Analysis of Construction Log Data


The construction log data shown in Figure 14 were analyzed to evaluate the mixing condition every meter along the depth, and the analyzed result is shown in Figure 15, Figure 16 and Figure 17. Figure 15 shows the distribution of the cement factor along the depth, which is defined as the weight of cement (kg) over the soil volume (m3). The cement factor is almost constant at approximately 150 kg/m3 as the design criteria in the clay-1, clay-2, and alluvial clay layers. In the alluvial sand layer, the cement factor is scattered, ranging from 118 to 289 kg/m3, as the cement slurry and water were injected for the bottom treatment and flushing the delivery tube.



The W/C ratio was calculated by Equation (4) using the estimate water content of soil at the depth and plotted along the depth in Figure 16. In the clay-1 layer, the W/C ratio is almost constant at approximately 4.8, except at approximately −7 m, where 0.48 m3 of water was injected to flush the delivery tube after the withdrawal injection. In the clay-2 and alluvial clay layers, the W/C ratio is smaller than that of the clay-1 layer, even though the amount of cement is almost the same, which is due to the low natural water content of the layers rather than that of the clay-1 layer. The W/C ratio in the alluvial sand layer is scattered from 4.3 to 9.3, which is due to the scatter in the amount of injected cement slurry and water.



The estimated unconfined compressive strength of laboratory soil, qul, is shown along the depth in Figure 17. The predicted strength at a depth of approximately −7 m is approximately 2.1 MPa, which is approximately 20% smaller than that of the others and is due to the water injection there. In the alluvial clay layer, the predicted strength is almost constant at approximately 3.9 MPa. In the alluvial sand layer, the predicted strength decreases with depth. The estimated strength at a depth of approximately −26.0 m is quite small at approximately 1.9 MPa.



The core sample was taken from the column, and unconfined compression tests were carried out to measure the field strength, quf. These measured strengths are plotted in Figure 17 by solid circles. The measured strengths in clay-1 and clay-2 are smaller than the estimated strength. The ratio of the measured and estimated strength, quf/qul, is roughly obtained as approximately 0.63. It should be noted that the measured strength is scattered rather than the estimated strength, which might be due to the local soil condition, mixing condition (entrained rotation phenomenon), and the coring and unconfined compression testing machine and techniques.




6.4. Future Perspectives


As described above, the W/C ratio has a close relationship with the unconfined compressive strength and can be applied in QC/QA during construction to assure the design strength. Many construction parameters are continuously measured during the production in Japan, which includes plotting the position of mixing shaft, penetration and withdrawal speeds of mixing shaft, rotation speed of mixing blade, electric current for driving mixing blade, lifting load of mixing blades, and accumulated cement volume. It is possible to estimate the soil type and water content at each depth based on their measured values, and the field-stabilized soil strength can be estimated by Equations (4) and (5). Once the strength during production has been predicted, several countermeasures can be adopted and carried out during production to assure the design criteria.



In fact, many attempts have been made to estimate the types and properties of ground from the construction log data in several ground improvement methods. However, due to the errors and scatters in the measured data and large variations in ground properties, it was not possible to estimate them with acceptable accuracy. It is expected that the types and properties of ground can be estimated by referring to a vast database using AI system in near future. In recent years, information communication technology (ICT) has been applied in the construction industry to increase the productivity and reliability of construction. ICT construction machines feature advanced technology, such as machine guidance systems and production control systems, to assist the operator and site management systems in processing productivity and work progress data.





7. Concluding Remarks


In the manuscript, the current practice of quality control and assurance was briefly introduced based on the Japanese experience/results with mechanical mixing technology by vertical shaft mixing tools with horizontal rotating circular mixing blade. The QC/QA practice comprises laboratory mix tests, field trial tests, monitoring, and control of construction parameters during production and verification by the engineering characteristics of stabilized soil.



It is well known that field-stabilized soil columns/elements have relatively large strength variability. One of the reasons behind the strength variability is the type of soil. Some cohesive soils are so sticky that the soil and binder mixture adheres to and rotates with the mixing blade without efficient mixing. For such soils, several alternative approaches are introduced in the manuscript: using a new type of special cement, injecting chemical additives, and injecting air.



The W/C ratio had a close relationship with the unconfined compressive strength and can be applied in QC/QA during construction to assure the design strength. The field-stabilized soil strength could be estimated by the production log data during production. Once the strength during production is predicted, several countermeasures can be adopted and carried out during production to assure the design criteria.



As ICT and AI technologies are developed very rapidly, ICT deep mixing equipment will be working on site to produce stabilized soil columns/elements in the near future. In the machine, the type and properties of the ground profile are estimated by the measured construction control parameters (such as the hanging load, penetration speed of the mixing tool, and driving torque of the mixing blade in the penetration stage) and the appropriate mixing conditions (such as the amount of binder and blade rotation number, obtained with the help of the W/C concept and the accumulated database), together with AI technology to achieve the design strength along the depth. The stabilized soil column is produced automatically by ICT deep mixing equipment according to the obtained mixing conditions.



It is noted that the conclusions presented here are only valid for these specific conditions, therefore any extrapolation to other DM techniques should be made with caution requiring more studies.
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Figure 1. Classification of the Deep Mixing Method. 
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Figure 2. Production of the DM-stabilized soil column. (a) Penetration injection method; (b) withdrawal injection method. 
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Figure 3. Field and laboratory strengths of stabilized soils. 
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Figure 4. Flow of the deep mixing project and QC/QA (after [6]). 
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Figure 5. Operation monitoring for the CDM method on land works (after [3]). 
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Figure 6. Core boring machine. 
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Figure 7. Example of “entrained mixing phenomenon”. 
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Figure 8. Increase in strength of the soil and cement mixture [12]. (a) Fresh stabilized soil, T; (b) fresh stabilized soil, V. 
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Figure 9. Effect of dispersant on increases in strength of the soil and binder mixture [14]. (a) Glycolic acid dispersant; (b) polycarboxylic acid dispersant. 
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Figure 10. Mixing machine injecting atomized cement slurry [16]. 
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Figure 11. Stabilized soil strength distribution within the column [16]. 
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Figure 12. Effect of atomized cement slurry injection on penetration in the hard layer [16]. 
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Figure 13. Relationship between the W/C ratio and unconfined compressive strength [23]. 
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Figure 14. Example of DM construction log data. 
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Figure 15. Distribution of binder factor along depth. 
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Figure 16. Distribution of W/C ratio along depth. 
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Figure 17. Distribution of predicted laboratory strength and measured field strength along depth. 
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Table 1. RQD index and rock quality (Deere, 1989).
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	RQD
	Description of Rock Quality





	0–25%
	Very poor



	25–50%
	Poor



	50–75%
	Fair



	75–90%
	Good



	90–100%
	Excellent
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