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ABSTRACT

Geotechnical engineering work involves characterization, classification, and interpretation of ground behavior for the design of geotechnical structure. Soft rock is defined as geotechnical material between rocks and clays by virtue of upper strength for hard clay and the overlap between extremely weak rock and the categories of very stiff and hard clays. Despite many structures that are found on soft rock, little attention has been made so far to either understand the detailed behavior of soft rocks or to correlate the different approaches of soil and rock mechanics to the solution of engineering problems involving these materials. Previously, characterization of soft rock was made by descriptive approach and its strength prediction was made to the equivalent uniaxial compressive strength. However, those test methods were not able to quantify the critical swell and shrinkage behavior of soft rock, a significant geohazard behavior in wet tropical climate. This paper elaborates a research finding and the geo-technology reviewed method of characterizing the soft rock propensity against swell, shrink and collapse potential. The innovation of e-SSC test kit has established a systematic and computerized method of testing and laboratory procedure to quantify the swell and shrink characteristics of soft rock for classification purposes. The experimental set-up has multi-abilities to quantify and characterize the real time strain series of geomaterial propensity to swell, shrink and collapse potential.
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1.0 	INTRODUCTION

Geotechnical materials are broadly categorized as soils and rocks. Soft rock is defined as a geotechnical material having the upper strength of soil, named as ‘weak’ and ‘weathered’ in relation to rock terminology or ‘hard’ and ‘indurated’ in soils terminology (Hudson 1993). Soft rock is also known as a generic term covering those materials which could be described as hard clays, extremely weak rock, very weak rock and weak rock. The International Society for Rock Mechanics classification for intact geotechnical materials has made a distinction between rocks and clays by upper strength for hard clay and the overlap between extremely weak rock and very stiff and hard clays, regarded as materials on the  fringe of  the two main sciences. The guideline suggested that soft rock is the group of geotechnical materials for which it has a very broad uniaxial compressive strength ranged from 0.5 MPa to 25 MPa. The material has been traditionally characterized in a conservative manner in which it is extrapolations of soils technology. 

Rock strength is a prime engineering parameter normally used by engineers for geotechnical design. However for soft rock engineering in a tropical climate, problems in regard to swell, squeeze, shrinkage and collapse potential of the ground are frequently encountered. Such typical problems are ground heaving, collapse of an open cut slope and closure of tunnel opening. These are among the alarming phenomenon that promotes risk to geotechnical failure. Soft rock has relatively low strength and high moisture sensitivity. The mineral components and genetic processes contribute significantly to the complexity of its engineering behavior. The characterization of soft rock, so far, has been in favor of qualitative methods due to tedious sampling technology, very high sensitivity to sample disturbance, costly exercises and low degree of accuracy (Johnston 1993). The high sensitivity to moisture changes has been proven to be the key factor, as to why until now most researchers preferred to alternate to qualitative and observational characterization techniques. Unfortunately the descriptive approach is not quantifiable in a meaningful data that are able to translate the soft rock physical characteristic to a simple and consistent understanding beneficial to civil engineer.Due to that, the critical information was left in a black box. Hence engineering judgment of soft rock property is normally made by presuming the behavior of upper fringe of soil mechanics and supported by past experiences and records. Subsequently it resulted to the risk of possible reoccurrence of similar geotechnical failures.

Previous case histories reported that it was difficult to distinguish between squeezing and swelling ground of soft rock since both conditions were often found to occur at the same time. Thus the destructive stresses; deformations and loss of strength of soft rock were only manifested months later after the geotechnical structures have been installed. To overcome the disadvantages and drawbacks of the prior arts of ascertaining the real time behavior of soft rock, the present study proposes an apparatus for measuring the swelling, shrinking and collapsing properties of soft rock (Zainab 2005).The measurement of these properties is an expedient necessary task to predict the pre and post construction performances of geotechnical structures in soft rock against the potential mode of real time in-situ behaviors in wet tropical environment.

2.0	LITERATURE REVIEW

	A need for a systematic geotechnical characterization of soft rock is equally vital despite its complex problems. Soft rock especially of argillaceous type is known for its critical swelling and slaking behavior. This phenomenon is among the most alarming consequences in geotechnical engineering which involves destructive stresses, deformations and loss of strength that normally be observed months after construction. Previous studies had commonly adopted standard methods of unconfined swelling test as recommended by ISRM 1981, for characterization of the swell propensity of weak rock (Sadisun et.al. 2002, Venter 1981). Alternatively soil mechanics characterization method was adopted but the laboratory procedure had completely destroyed the original microstructure, fabric, porosity and density of soft rock. Thus the result obtained did not truly measure the in-situ soft rock properties. Santi & Shakoor 1997 had comprehensively conducted a thorough study on the physical characterization of shale (soft rock) with respect to change in moisture content. Unfortunately the method was not able to provide any added value to engineering understanding with regard to its real time swell strain characteristics.  

Soft rock has high propensity to swelling and it usually generates higher risk to geotechnical hazard. Previously the characteristic was determined by the soil mechanics approach. For instance, Roberts 1995 had managed to quantify the percentage of swell or collapse potential of compacted soil by using triaxial equipment and oedometer apparatus. A similar study was carried out by Al-Homoud et al.1995 to measure the swell potential of expansive clay by using consolidation cell.  Reznik 2000 stated that the collapse of soils or fill material was due to its sudden volume (porosity) decrease. The soil/fill water content was found to increase under various changing total stresses. The result was determined by using double oedometer apparatus. On the other hand, the collapse potential of clayey soil could also be calculated by using Atterberg limit test. The above extensive soil testing procedures has the prime disadvantage of the destruction of in-situ texture of the soft rock. Therefore the results obtained may not have truly reflected the real time swell characteristics at the field.

Figure 1 shows three different modes of soft rock deterioration from sedimentary formation in Malaysian wet tropical climate. Figure 1a is the typical deterioration of clay shale cut slope showing the flaking and collapsed mode. Figure 1b is the failure mechanism of weakly cemented carbonatious sedimentary cut slope along North-South Highway near Machap, Johor. Similarly Figure 1c reveals a unique deterioration and disintegration of soft rock i.e. hard clay.
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a) Deterioration of clay shale        b) Failure of carbonatious soft rock cut slope   c) Disintegration of hard clay                                             
 (
Figure 1. Modes of Soft Rock Deterioration and Disintegration in Malaysian Climate
)


The figures show the evidence of effect of dynamic load due to wet and dry processes which had significantly resulted to complex modes of failures. The wet tropical climate is among the key factor that induces degradation, disintegration and mass strength reduction of soft rock thus promotes risk to geotechnical failure. The negative impact is obviously seen on cut slopes as shown the figures above.

The e-SSC equipment and the recommended laboratory set-up shall introduce the researcher and the engineering community to a new engineering technique that is able to measure the real time free swell strain characteristics of soft rock. Understanding the mechanics of soft rock failure and the ability to measure real time response to the change in moisture content will certainly assist engineers to make better predictions on the soft rock mass stress-dependent behavior due to climate change, the influence of distinct anisotropy and the respective post construction stability.

3.0	METHODOLOGY      

To determine the soft rock unique swell, shrink and collapse potential modes of failure, a much better method of testing technology with a higher degree of accuracy and the least sample disturbance is required. The apparatus named as e-SSC test kit is an engineering instrument that was innovated to simplify the techniques of measuring the soft rock physical properties and its response to dynamic wet and dry cycles for characterization purposes. The e-SSC abbreviation refers to the measuring of the swell, shrinkage and collapse potential behaviour for real time strain series of geomaterial response to wet and dry cycles. Swell, shrinkage and collapse properties (named as SSC index) of geo-materials are among the significant hazards to geotechnical engineering structure in tropical climate. Thus, it was very crucial to be able to quantify the swell, shrink and collapse strains and its real time behaviour for mitigation of geohazards. This helped to predict the pre and post construction performances of geotechnical structure mode of failure.The e-SSC laboratory set-up allowed for the unconfined and confined free swell of soft rock to be quantified with respect to the real time strain. The choice of test method was decided based on the durability of the soft rock. 

The e-SSC test kit is a versatile equipment. The result could be displayed in a three dimensional real time strains graphical plot for durable rock and the real time axial strain versus time for a non-durable soft rock sample. The graphical profile could be used for further empirical analysis. The instrument novelty was due to the simple computerised system of laboratory equipment, the ability to simulate the soft rock behaviour in the actual environmental condition. Figure 2 demonstrates the schematic laboratory set-up where by both unconfined and confined tests could be  carried out concurrently.

3.1	Sample Preparation and Test Set-up

Figure 2 shows a schematic diagram of the experimental set up. The cube container is comprised of an enclosure container made up of 5 mm thickness clear Perspex with four side walls, a bottom wall and top cover. A plate is provided in the container to support the sample. The side walls have one hole each in which the transducers are secured on. The apparatus also includes a data logger that records the information during testing and a data acquisition and processor to process information of the test being conducted in a computer readable output. The swell and shrink test cycle is carried out by pumping water into and out of the container. A yellow bulb that generates a constant temperature of 40 degrees Celsius is used to dry up the sample during the shrinking process. 

Soft rock can be classified into durable and non-durable rock. The classification can be made by carrying out slake durability test. In this study a durable soft rock was found to be able to stand wet and dry test cycle without disintegration. The rock lumps were cut into small cubes of 5 cm each. The presence of lamination in the sample needed to be observed first because it would influence the direction of maximum swell. The specimen must be orientated so that the vertical transducer is set perpendicular to the lamination.  The specimen was carefully set to be neatly in contact with the tip of the transducers as shown in Figure 2 (Unconfined e-SSC test set up). For unconfined swell test, five displacement transducers (degree of accuracy 0.001mm) were required to measure one vertical and four horizontal strains of cube sample. The transducers were aligned to be in the middle contact surface of the soft rock sample thus a representative of the swell and shrink displacement of a cube sample. 

A confined swell test was carried out on less durable soft rock. The sample could be an irregular rock lump provided that it has top and bottom sides of flat surfaces of about 5 cm thickness. The specimen was placed in the middle of circular hollow PVC of 100 cm diameter. A water mixture of plaster of Paris or gypsum was poured and left air dried  to provide sides confinement around the sample. The prepared specimen was then put into the perspex container and must be placed perpendicularly aligned with the vertical transducer (Figure 2, Confines e-SSC test set up). The apertures of the side walls had to be sealed with detachable rubber stopper to prevent water from spilling out from said enclosure.
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Figure 2.  Schematic laboratory set up

4.0	Experimental Study	

	The laboratory study was carried out on two different types of soft rock from sedimentary formation that were randomly selected.  The carbonatious clay shale that was sampled from Puncak Alam, Selangor (CSP) had high slake durability index of more than 85% after 5 cycles. Whereas carbonatious shale sampled from Machap, Johor (CSM), had less than 70% durability index. Unconfined swelling test (UST) and confined swelling test (CST) could be carried out for both CSP samples. The CSM sample could only be tested for CST. The objective of UST was to measure the volumetric strains while CST only measured the axial strain. The test methodology allowed for less tedious sample preparation and preservation of sample properties. The two testing procedures were carried out depending on the objective and durability of sample. The cyclic wetting and drying test was done by fully immersing the sample with water and drying the samples respectively. For each condition the real time swelling and shrinking profile of the soft rock was observed in the form of a graphical plot display on the screen. If only swell property was required, the drying process did not need to be carried out. For drying process , a 60 Watts yellow bulb was used. At the same time the transducers recorded the respective strains displacement. An experimental investigation showed that there was no significant effect of temperature change to the sensitivity of transducer in recording strain displacement. 
 
4.1	Cyclic Unconfined Swelling Test (UST)

	The UST was conducted on CSP samples under cyclic wetting and drying. Five transducers were used; four transducers were set horizontally to measure horizontal swells and one to measure the axial strain perpendicular to the sample lamination (Figure 3). The displacement were recorded and stored into a data logger. A real time strain graphical output was displayed on the computer monitor. Basically many parameters could be obtained by this method of testing i.e. the maximum swell recorded by each transducers (Table 1), comparative swell displacement on 5 sides of the cube sample, respective rate of swell and rate of shrink (Table 2), temperature, real time strain swell and shrink profile and potential of material collapse (Figure 4). Hence the respective volumetric swell and its percentage could be calculated. 
The volumetric strains were calculated by dividing volumetric displacement by the initial volume of sample, hence percentage of volumetric strains could be determined. The differential swell could easily be determined from the real time graphical display in which it was noted that the swell strain was the highest in the direction perpendicular to the sample lamination (T1) as compared to the horizontal swell (T2,T3,T4 and T5) .

 (
T1
)Table 1. Typical Maximum Swell Strains Recorded 
               By Each Transducer.

	No
	T1
(mm)
	T 2
(mm)
	T 3
(mm)
	T 4
(mm)
	 (
T2
)T5
(mm)

	1
	1.203
	0.310
	0.357
	0.218
	 (
T5
) (
T3
)0.034

	2
	0.904
	0.234
	0.082
	0.153
	0.083

	3
	0.996
	0.230
	0.230
	0.262
	0.164

	4
	0.681
	0.135
	0.106
	0.064
	 (
T4
)0.000

	5
	0.655
	0.189
	0.213
	0.226
	0.230


                                                                                         
                                                                                                    Figure 3. Unconfined Swell Test 
                  	
      


 Table 2. Rate of Swell and Shrink for all CSP Samples
                                                                   
	 
	1st Cycle
10-5 (mm/sec)
	2nd Cycle
10-5 (mm/sec)
	Temperature
(oC)

	No
	Swell
	Shrink
	Swell
	Shrink
	Max
	Min

	 
	 
	 
	 
	 
	 
	 

	1
	67.42
	5.57
	35.70
	6.11
	40
	25

	     2
	60.00
	5.55
	41.80
	4.64
	38
	26

	3
	44.90
	5.88
	-
	-
	39
	25

	4
	40.17
	7.33
	45.17
	2.92
	39
	25

	5
	29.00
	4.47
	15.30
	4.68
	40
	26
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Figure 4. Graphical Output Showing Real Time Cyclic Swell and Shrink Profiles of UST


4.2	Cyclic Confined Swelling Test (CST)

Similarly, a CST test was carried out for both CSP and CMP samples. The typical data output is as shown in Table 4 for CSM samples. Figure 5 shows the CST sample experimental setup. Figure 6 and Figure 7 show the graphical output displayed for CSP sample and CSM sample respectively. It was obvious that high durability sample (CSP) had higher and longer resistance to cyclic wetting and drying load as compared to CSM sample that collapsed immediately after having fully absorbed the moisture. These results indicated that the CSM sample with very weak cemented texture was not able to self-support its saturated weight thus resulted to material collapse.


Table 3.   Percentage of Volumetric Strains of CSP Samples
	
No

	Y-axis	  
    Y -
	
axis
	
	
    Z -
	
axis

	
	     
	
     X-
	
axis
	

	
Volumetric

	
  Swell

	
	   T1   (mm)
	     ε
   (%)
	   T2    (mm)
	     ε 
   (%)
	   T4 (mm)
	    ε  
  (%)
	   T3   (mm)
	    ε  
  (%)
	   T5 (mm)
	     ε         
   (%)
	∆ V mm
	      Δ V %   

	1
	1.203
	3.008
	0.310
	0.680
	0.218
	0.436
	0.357
	0.700
	0.034
	0.068
	5.06 x 10-2
	4.96 x 10-7

	2
	0.904
	2.254
	0.234
	0.442
	0.153
	0.300
	0.082
	0.155
	0.083
	0.163
	1.69 x 10-2
	1.52 x 10-2

	3
	0.996
	2.409
	0.230
	0.460
	0.262
	0.524
	0.230
	0.460
	0.164
	0.328
	4.88 x 10-2
	4.88 x 10-2

	4
	0.681
	1.703
	0.135
	0.260
	0.064
	0.125
	0.106
	0.204
	0.000
	0.000
	2.64 x 10-3
	2.49 x 10-8

	5
	0.655
	1.560
	0.189
	0.357
	0.226
	0.443
	0.213
	0.436
	0.230
	0.451
	3.14 x 10-2
	2.76 x 10-2

	Av
	
	2.187
	
	0.440
	
	0.366
	
	0.391
	
	0.202
	15.03 x 10-2
	9.16 x 10-2




 (
T1
)     Table 4.  Rate of Swell and Shrink result for CSM Samples

	 
	1st Cycle
10-5 (mm/sec)
	2nd Cycle
10-5 (mm/sec)
	Temperature
(oC)

	No
	Swell
	Shrink
	Swell
	Shrink
	Max
	Min

	 
	 
	 
	 
	 
	 
	 

	1
	37.11
	30.83
	5.65
	1.48
	40
	25

	2
	7.03
	4.83
	-
	-
	39
	25

	3
	19.50
	3.22
	7.63
	2.75
	37
	25

	4
	2.267
	2.29
	34.5
	3.86
	39
	26

	5
	47.06
	28.61
	3.06
	2.69
	40
	25



        
         Figure 5.  Confined Swell Test   


Figure 6. Graphical Output Showing Real Time Cyclic Swell and Shrink Profile of CST (CSP sample)

 (
swell
) (
Total collapse
) (
Shrink and collapse
)  

Figure 7.   Graphical Output Showing Real Time Cyclic Swell and Shrink Profiles of CST CSM sample.


5.0	Conclusion

The experimental set up has produced a reliable data to determine the swell and shrink strain displacements for both durable and non-durable soft rock. The real time strain profiles for the purpose of classification and predicting the soft rock response in wet tropical climate were successfully observed. The material resistant to collapse potential was determined by repeating the wetting and drying cycles. The finding has demonstrated a significant novelty on the experimental set up in order to measure and classify the swell propensity of the soft rocks. The experiment had the advantages of carrying out the test on fresh samples instead of remolded sample, therefore the material original texture and fabrics were preserved. 

The e-SSC test kit is a geo-engineering laboratory equipment. It has multi-abilities to quantify and characterize the real time strain of soft rocks propensity to swell, shrink and collapse potential, the prediction of in-situ behavior. The experimental set up is versatile and easily adapted to the broad range of soft rock types, sizes and shape.  It is a cheaper, simpler and faster testing technique .The experiment measures the real time swell propensity of soft rock into a single strain variable. This is an innovation of a simplified technology to characterize and classify the soft rock related to sustainable geotechnical engineering design in wet tropical climate.
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