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Abstract: Road infrastructure is often built above the groundwater table. The materials 20 

used are usually compacted and thus generally remain under unsaturated conditions 21 

throughout their service life. This paper presents experimental results that highlight the 22 

influence of matric suction on the resilient modulus (MR) and California bearing ratio 23 

(CBR) of a compacted subgrade Ballina clay (typically found in NSW, Australia). The 24 

soil specimens were prepared in a range of water contents and dry unit weights, tested 25 

using a series of repeated load triaxial tests and CBR tests, and the associated matric 26 

suction was measured using the filter paper method. The tests were complemented by 27 

the study of the macrostructure of the compacted specimens using X-ray computed 28 

tomography (CT). Test results show that there are intimate relationships between the 29 

soil suctions and resilient modulus as well as CBR on the compacted clay at different 30 

moisture contents and that both parameters can be defined empirically through matric 31 
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suction. A linear trend was established between matric suction and MR with a high 32 

coefficient of correlation of 0.99. CT scan results reveal that increasing soil moisture 33 

increased the inter-pores volume and the aggregations became more compressible and 34 

present probable matrix-dominated macrostructure during compaction. While soils 35 

compacted at the dry side of optimum moisture content yield distinct aggregations 36 

owing to the flocculation and aggregation of soil structure. 37 

Keywords: Compaction; Matric suction, CT-Scan; CBR, Resilient modulus 38 
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Introduction 39 

The mechanical behaviour of an unsaturated pavement subgrade is significantly 40 

influenced by the variation of the soil suction [1], with is also known as negative soil 41 

pressure due to the cooccurrence of air and water in the soil fabric [2]. It implicitly 42 

measures the effect of soil-water interaction forces on the deformation characteristics 43 

of the pavement materials [3]. For an unsaturated soil, the association of the soil suction 44 

with the surface tension between water and the soil particles is a state variable essential 45 

for assessing the mechanical response to loading, in particular under repeated traffic 46 

loading [4]. Thus, one of the key mechanical properties for determining the response 47 

of pavements under repeated traffic loading according to the Mechanistic-Empirical 48 

Pavements Design Guide [5] is the resilient modulus (MR), along with its susceptibility 49 

to changes in water which is corresponding to changes in matric suction. Another most 50 

widely used parameters in the design of pavement subgrade is the California bearing 51 

ratio (CBR), where the bearing ratio and deformation of the subgrade layers are greatly 52 

affected by the changes of matric suction of the soil [6]. Over and above this, field dry 53 

unit weight is also another mechanical parameter essential in quantifying the 54 

compaction quality of the pavement subgrade, while the associated water content 55 

affects the magnitude of matric suction, this successively influence the effective stress 56 

of the compacted soil [4]. However, there have been limited studies on the influence 57 

of soil suction on CBR in relation to its MR under the whole range of water content 58 

across the compaction curve. 59 

Mirzaii and Negahban (2016) [6] discussed extensively on the effects of soil 60 

suction with CBR on clayey sand. Recent studies [7, 8] attempts on investigating the 61 

effect of matric suction (ψm) on resilient modulus (MR) and found that an increase in 62 

ψm contributes to the enhancement of soil stiffness for a compacted soil. On the other 63 
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hand, Kim and Kim (2007) [9] evaluated the resilient modulus of the compacted sandy-64 

silty Indiana subgrade soils prepared at different water contents. Similar nature of 65 

research was done by Nowamooz et al. (2011) [10] in investigating the resilient 66 

behaviour of a natural compacted sand prepared at various moisture contents, without 67 

correlating with soil suction or CBR value. Furthermore, Sawangsuriya et al. (2008) 68 

[11] studied the effect of matric suction on MR of fine-grained subgrade soils 69 

compacted at optimum moisture contents (OMC) and note that the MR increases with 70 

the increase in soil matric suction. Several studies were attempted in correlating MR 71 

with CBR on various unsaturated soil type [12-13]. Among others, Garg et al. (2009) 72 

[14] opined that a relationship between MR and CBR can be established but there is a 73 

wide divergence from the experimental value. Whereas Leung et al. (2013) [15] re-74 

examined the prediction of MR with CBR for compacted saprolitic subgrade soils using 75 

several models established by past researchers but the result shows that the predicted 76 

relationships were either limited to different ranges of compaction density or were 77 

excessively conservative for adoption. Leung et al also further emphasize the 78 

importance of saturation and moisture ratio, inextricably correspond this to the soil 79 

suction that are useful in estimating MR and CBR.  Notwithstanding this, most of the 80 

aforementioned studies focuses solely on the correlation of either the soil suction with 81 

CBR or MR, or the relationship of CBR and resilient modulus, these studies did not 82 

consider the influence of soil suction on both CBR and MR arising from the variation 83 

in water contents and density in the compacted soil, and its interrelationship.  84 

This study investigates the influence of soil suctions on the resilient modulus 85 

and CBR properties of Ballina clay in its compacted state and their interrelationships 86 

through a series of laboratory testing.  The study reveals that there is an intimate 87 

relationship between the soil suction and resilient modulus as well as CBR arising from 88 
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its compaction characteristics (i.e. moisture content and dry unit weight). A one-to-one 89 

relationship was also observed with the MR and CBR across the evolution plane based 90 

on matric suction. The tests were complemented by the study of the macrostructure of 91 

the compacted specimens using X-ray computed tomography (CT). 92 

 93 

Materials and Testing Strategy 94 

The soil selected for this study was collected from a site close to the Pacific 95 

Highway in Ballina which runs along the east coast of Australia between Sydney and 96 

Brisbane (Fig. 1). This site, located in a low-lying flood plain, consists of mostly highly 97 

compressible and saturated clays. Ballina clay has a liquid limit (LL) of 96%, a 98 

plasticity index (PI) of 63% and a specific gravity of 2.63. The particle size distribution 99 

of the Ballina clay (Fig. 2) represents approximately 67% sand, 17.25% silt and 11% 100 

clay size fraction whereas the uniformity of coefficient(Cu) is 9.83 and curvature 101 

coefficient (Cc) is 1.14. Thus, based on the index properties and the grain-size 102 

distribution, the soil is classified as high-plasticity clay, CH [16]. Ballina clay can also 103 

be classified as CE according to British Soil Classification System (BSCS) where C is 104 

defined as clay and E is defined as extremely high (LL > 90%). The soil properties of 105 

Ballina clay have also been studied in detail by Indraratna et al. (2014) and Pineda et 106 

al. (2016)[17-18]  and the basic soil properties are given in Table 1. 107 
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108 
Fig. 1. Location of Ballina, New South Wales, Australia (inset: Ballina soil sampling 109 

location at 28°50’24.2”S and 153°31’58.3”E) [19] 110 
 111 

 112 

Fig. 2. Particle size distribution of Ballina Clay. 113 

 114 

Table 1   115 
Soil properties of Ballina Clay. 116 
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Parameters Unit Values 

Liquid limit, LL % 94.7 

Plastic limit, PL % 32.2 

Plasticity Index, PI % 62.5 
Water content, w % 92.6 

Specific gravity -     2.63 
Void ratio -     2.36 

Wet unit weight, γw kN/m3 16.5 
 117 

Before compaction, the soil sample was air dried prior to mixing with the required 118 

amount of water using ORIMAS Universal mixing machine that had a 20L capacity, 119 

240V, and at speed of 91 rpm for 2 minutes. Any visible moisture lumps were then 120 

disaggregated before placing the moist mixture in a plastic bag kept for moisture 121 

equilibration (e.g. under constant temperature and humidity conditions).  122 

The compaction characteristics were determined using a Standard Proctor 123 

compaction test in accordance to [20]. To determine the maximum dry unit weight and 124 

optimum moisture content of Ballina clay, a total of 9 compacted specimens were 125 

prepared so that a range of different dry densities could be attained in terms of water 126 

content. All the specimens were compacted on the same day to prevent curing 127 

differences due to air temperature and humidity fluctuations, which at times can be 128 

significant. Compaction energy of E = 595 kJ/m3 was adopted for all tests with water 129 

content in the selected specimens varied across the compaction plane (12.1% to 25.2%). 130 

These specimens were then utilized to mould the material for the CBR test and for the 131 

resilient modulus tests using a cyclic triaxial apparatus (e.g. 50mm diameter by 100 132 

mm high specimens, following the procedure described by Chen et al., 2015[21]. 133 

Additional specimens were prepared for determination of soil suction and used for CT-134 

scanning. Soil suction was measured using the filter paper method which is a method 135 
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that is valuable in deriving both total and matric suction [22]. It should be noted that at 136 

least 3 replicate samples were prepared for every test conducted in this study.  137 

 138 

Resilient modulus and California bearing ratio 139 

The resilient modulus (MR) values are obtained to measure the degree to which a 140 

soil can recover from stress levels commonly placed upon soils by traffic [23]. The aim 141 

is to provide a relationship between stress and deformation of a soil material that can 142 

be used for the structural analysis of layered pavement systems. The test was conducted 143 

at constant water content to simulate typical field conditions. In this study, the resilient 144 

modulus is defined as: 145 

 𝑀 =                                                     (1) 146 

where MR is the resilient modulus, σd is the cyclic deviator stress, εr is the recoverable 147 

axial strain. As indicated in Eq. (1), the larger the recoverable deformation, the smaller 148 

the resilient modulus. A constant all-around confining pressure (20kPa) is applied on 149 

the specimen to simulate the lateral stress caused by the overburden stress and applied 150 

wheel load. The suggested level of confining stress on top of the subgrades was in the 151 

range of 13.8 kPa to 27.6 kPa which is appropriate for determining MR for the design 152 

of pavement [9].  The confining pressure was controlled using a GDS instruments water 153 

pressure controlled (accuracy 1 mm3 and 1 kPa) Resilient modulus tests were carried 154 

out by applying a cyclic load having haversine-shaped pulse with duration of 0.1 155 

second and rest period of 0.9 seconds. For ensuring the accuracy of the cyclic test 156 

results (i.e. axial stress and strain), the data was sampled at a relatively high rate and 157 

20 data points were recorded for each cycle. 158 

Compacted specimens were loaded according to ASTM D5311[24] method. Fig. 159 

3(a) shows a typical deformation response of Ballina clay under repeated loading. At 160 
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the initial stage of the test, at a relatively small number of cycles (n<100, Fig. 3c), there 161 

is a considerable permanent deformation occurring indicated by the plastic strain.  162 

The MR is calculated as the mean of the last five cycles considering the recoverable 163 

axial strain and cyclic deviator stress as shown in Fig. 3(b). The loading involves 164 

conditioning, which attempts to establish steady-state or resilient behaviour labelled as 165 

‘stable’ shown in Fig. 3(c), through the application of a large number of cycles (i.e., 166 

3000 cycles). In the similar figure, it can be seen that the recoverable strains occur after 167 

numerous load repetitions, it is important to note that the deviator stress applied should 168 

not exceed the shear strength of the soils. The bearing capacity of compacted Ballina 169 

clay was determined with CBR test. The soil samples were compacted using proctor 170 

compaction method (1L mould) and the test procedures followed were in accordance 171 

with ASTM D1883-05 standard [25].  172 

 173 
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 174 

Fig. 3. A typical resilient modulus measurement technique. Cyclic loading results 175 
showing soil specimen with γd =15.9 kg/m3 and w=15.5%. 176 
 177 

Water retention behaviour 178 

The suction-moisture content relationship was obtained using the filter paper 179 

technique in accordance with ASTM standard D5298 [26].  The 55 mm Whatman No. 180 

42 ashless filter paper was used in this technique. Two methods were adopted for 181 

measuring suction, i.e. non-contact and contact method for determining total and matric 182 
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suction, respectively. In the non-contact method, the filter paper is placed either on a 183 

disc above the soil in an airtight container for at least seven days whereas in the contact 184 

method, the filter paper disks are placed in direct contact with the soil. A minimum of 185 

two filter papers determinations were carried out for determining the soil suction for 186 

each compacted specimen prepared at a given water content and dry unit weight (see 187 

Fig. 4) and the average suction value was considered. In this technique, the soil suction 188 

is determined based on the filter paper water content on the basis that a filter paper will 189 

come to equilibrium with respect to moisture flow with the soil after 7 days [27]. 190 

ASTM D5298[26] only provides one calibration curve for both matric and total suction 191 

determinations, however there have been many studies that showed that for Whatman 192 

42 filter paper, two sets of calibration should be adopted for matric and total suction 193 

respectively [28].  194 

 Thus, in this study, soil suction calibration equations follow those proposed by 195 

[34]:   196 

Log ψ = a – b wf                                                                                   (2) 197 

Where log ψ is the logarithm of suction (kPa) in base 10, a and b are constants and wf 198 

is the filter paper water content at present. 199 

The equation was further used and modified through extensive research work 200 

carried out by Leong et al. (2002)[28]. The experimental evidence reported by Leong 201 

et al. (2002)[28] indicates that separate equations, i.e., Eq. (3) to (6) should be used to 202 

determine the matric and total suction. 203 

Total suction 
wf < 26; log ψ = 5.31-0.0879 wf                                                 (3) 

wf ≥ 26; log ψ = 8.778-0.222 wf                                                 (4) 

Matric suction 
wf < 47; log ψ = 4.945-0.0673 wf                                              (5) 

wf ≥ 47; log ψ = 2.909-0.0229 wf                                              (6) 
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Where wf is the water content of filter paper and ψ is soil suction. Eq. (3) to (6) was 204 

used in this study to determine the total and matric suction. 205 

 206 

 207 

Fig. 4. Compaction curves of Ballina Clay at compaction energy of E = 595 kJ/m3. 208 

 209 

Medical grade computed tomography-scanner testing 210 

Computed tomography (CT) scanning systems use X-rays to visualize thin, cross 211 

sections of specimens. During CT scanning, high voltage X-rays generated from a 212 

source located at one side of the gantry, are attenuated through the test specimen and 213 

then registered by a series of detectors placed in the opposite direction. As the X-rays 214 

penetrate through the test specimen, some of them are absorbed. The different rates of 215 

absorption reflect changes in the specimen density [29]. The tests were carried out 216 

using an X-ray CT scanner (Toshiba Asteion S4). The reconstruction function adopted 217 

in this study enabled the correction of image artefacts that could result from the absence 218 

of lower energy X-rays. The X-ray tube current and voltage was 200 mA and 135 kV, 219 
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respectively. The X-ray beam was as per soil slice thickness which is 2 mm wide, the 220 

exposure time was allowed at 1 second, and the field of view (FOV) was 75 cm that 221 

enable a zooming factor of four. The compacted soil specimens were scanned 222 

horizontally at 2-mm interval and the resulting CT scans were then used to create 223 

images along vertical planes at a range of 16mm through the center of the soil cylinder. 224 

The CT-scan images were analyzed using medical radiology software DicomWorks v. 225 

1.3.5. The images not only portray well with the general arrangement of the soil 226 

structure but this technique also allows for the specimens to be tested non-intrusively 227 

and in “as-compacted” state, without damaging the soil structure. 228 

 229 

Results and Discussion 230 

Soil suction and degree of saturation for compacted specimens 231 

Fig. 4 shows the compaction curve for compacted Ballina clay at compaction 232 

energy of 595 kJ/m3. The gravimetric water content varied from 12% to 25% at 95% 233 

dry unit weight. The maximum dry unit weight and optimum moisture content is 16.2 234 

kN/m3 and 19.6%, respectively. For the compaction energy level adopted, the dry unit 235 

weight increases as the moisture content increase to the OMC. Beyond this point (i.e. 236 

compaction at the wet side of optimum), the dry unit weight decreases with increasing 237 

water content. The water retention curves were plotted in Fig. 5 for sample compacted 238 

across different water content. As expected, an increase in soil moisture content leads 239 

to a decrease in both total and matric suction. As the Ballina clay soil is of marine 240 

origin, the difference between matric and total suction is wordy of note in Fig. 6. The 241 

presence of some degree of salinity in Ballina Clay is responsible for the difference 242 

between total and matric suction as also known as osmotic suction (ψπ). Interestingly, 243 

a hysteretic behaviour is observed where the ψπ value decreased as the Sr increased 244 
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indicating that as the soil is closer to saturation and the salt concentration in the soil is 245 

likely reduced and hence a lower osmotic suction is obtained. For higher degree of 246 

saturations, which is shown beyond the dashed line Se, when most of the soil pores are 247 

filled with water, the effect of salt concentration is likely to be less, and therefore both 248 

matric and total suction are of similar magnitude. In contrast, for specimens that were 249 

prepared at drier water contents this difference becomes larger. The matric suction of 250 

all the 5 specimens ranged from 29 kPa to 567 kPa. Vullient et al. (2002)[30] stressed 251 

that the mechanical stress level is affected by the soil suction and greatly influences the 252 

hydric behaviour.  253 

 254 

 255 

Fig. 5. Water retention curves of compacted Ballina clay at specific dry density and 256 

water content measured using filter paper method. 257 

 258 
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 259 

Fig. 6. Variation of soil suction with degree of saturation. 260 

 261 

The Influence of Matric Suction on California Bearing Ratio (CBR) 262 

The CBR test was carried out to examine the effect of soil moisture content on the 263 

bearing capacity of compacted Ballina clay. It can be seen from Fig. 7 that the curves 264 

for samples compacted at the dry side of optimum moisture content (OMC), i.e. A and 265 

B tend to concave up at the beginning for penetrations typically smaller than 1.5mm. 266 

This is likely due to surface irregularities and therefore zero point was adjusted to 267 

obtain the accurate CBR value. A bilinear trend was also observed from the load-268 

penetration curves for sample A and B.  At relative dry conditions which is below OMC, 269 

there was a marked increase in CBR values due to the increase of dry soil unit weights 270 

and the CBR reaches a value of 28 and 22.9%, respectively for sample A and B. For a 271 

3.1% decrement of water content for sample B from sample A, the CBR value has a 272 

percentage increment of approximately 18%. When the water content increases from 273 

15.5% for sample B to optimum moisture content (19.6%) at pronounced critical points 274 

for soil compacted at maximum dry unit weight, the value of CBR decreases to 9.9. 275 
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The gradient of the load on piston decreases when moisture content of the soil increases. 276 

However, the effects became much lesser for specimens prepared on the wet side of 277 

the OMC. For specimen D and E, when the moisture content is higher than that of the 278 

OMC, the gradient of the load on piston decreases quite steadily to almost constant. On 279 

the dry side of OMC, the CBR reaches a value of 28 and 22.9%, respectively for sample 280 

A and B. For a 3.1% decrement of water content for sample B, the CBR value has a 281 

percentage increment of approximately 18%. Soil compacted at moisture content above 282 

OMC could rarely reach a CBR of 5% or above, therefore soil compacted at its OMC 283 

was often regarded as competent materials by many design standards [15]. Sample type 284 

A and E compacted at the same dry unit weight (γd = 15.4 kN/m3) but at different 285 

moisture content i.e. 12.1% and 25.2%, respectively shows an exceptionally large 286 

difference in its CBR value, 3.4 compared to 22.9. This indicates that soil water content 287 

and associated soil structure on the dry and wet sides of OMC (e.g., [31]) plays the 288 

predominant role in the soil strength response evaluated through CBR. Similar 289 

observations can be made for specimen B and D. The aforementioned trends observed 290 

in this study were corresponding to the findings ascertained by Cabalar & Mustafa 291 

(2017)[32]. 292 
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 293 

Fig. 7. California Bearing Ratio (CBR) test result curves. 294 
 295 

While CBR decreased with increasing water content, an opposite trend was 296 

observed for matric suction (Fig. 8). This is not surprising as previous studies indicated 297 

that suction governs the strength behaviour of compacted soils [3, 33]. Further, there 298 

seems to be a linear trend established between the matric suction and CBR, showing a 299 

high coefficient of correlation of 0.99. This can be used to readily estimate CBR along 300 

the compaction plane provided that matric for the compacted materials is measured. 301 

Notwithstanding this, it is worthy of noting the nonlinear relationship observed from 302 

the inset of the figure for CBR plotted against the degree of saturation. On the dry side 303 

of OMC, the CBR remains approximately around the same order whereas sharply 304 

decreases once OMC is exceeded. This behaviour is likely due to the concurrent suction 305 

decrease and dry unit weight increase from point A to B (see Fig. 4) and concurrent 306 

decrease of suction and dry unit weight that occurs once OMC is exceeded.  These 307 

observations are in agreement with findings reported by Heitor et al. (2013)[34] for the 308 

small-strain shear modulus. 309 
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 310 

Fig. 8. Evolution of the CBR values based on matric suction at five different water 311 

contents: (A) w = 12.1%, (B) w = 15.5%, (C) w = 19.6%, (D) w = 23.2% and (E) w = 312 

25.2%. 313 

The Influence of Matric Suction on Resilient Modulus 314 

Fig. 9 shows the variation of MR as a function of Sr and ψm, respectively. It was 315 

observed that the MR of the compacted materials have significant relation to the soil 316 

suction in terms of soil moisture content. Two empirical relationships are proposed for 317 

the prediction of MR through Sr and ψm with high coefficient of determination of 0.95 318 

and 0.90, respectively. The matric suction possesses a better relationship with MR 319 

compared to soil degree of saturation. This phenomenon is in agreement with findings 320 

reported by Sawangsuriya et al. (2008) [11] and Dong et al. (2020)[8].  Although the 321 

dry unit weight of the specimen compacted as dry side of OMC (15.4kN/m3) is smaller 322 

than that of specimen compacted at OMC (16.2kN/m3), the value of MR is higher which 323 

is 56.5MPa compared to MR value of 39.3MPa at OMC.  This appears to be caused by 324 
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capillary suction which contributes to an increase in the effective stress by attracting 325 

particles towards one another and thus exhibiting higher particle contact force that 326 

results in higher MR values [9].  Moreover, the gradual increase in matric suction 327 

indicates the increase in capillary menisci between the solid particles, resulting in an 328 

increase in inter-capillary forces [2] and, therefore the MR.  Fig. 10 (a) and (b) 329 

illustrates the past literature [2] on resilient modulus with matric suction and degree of 330 

saturation, respectively. Despite of lower MR values obtained for the Ballina clay used 331 

in this study, it shows the same trend with other types of material used. It also seems 332 

that there is a much less variation at the wet side that coming to a platoon. Similar trend 333 

has been observed by [2] and it seems that the platoon extends for the other type of 334 

soils. 335 

 336 

Fig. 9. Resilient modulus as a function of degree of saturation and matric suction on a 337 
semi-logarithmic scale. 338 

 339 
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 340 

 341 

Fig. 10. Resilient modulus as a function of (a) matric suction and (b) degree of 342 
saturation. 343 

 344 

Resilient Modulus and CBR Relationships 345 
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The evolution of the CBR and resilient modulus values based on matric suction 346 

was drawn as presented in Fig. 11. Linear regression was observed for both CBR and 347 

MR against matric suction. At the wetter region prior to compacted at OMC, CBR and 348 

MR values were increasing gradually at 30.65% and 33.24%, respectively. However, 349 

when the soil was compacted at water content dryer than OMC, the CBR and MR value 350 

increase tremendously to 28 % and 56.45 MPa, respectively. This seems that the 351 

change in both MR and CBR values are more sensitive toward the dry side. Thus, it is 352 

interesting to note that the increment percentage for both CBR and MR values are 353 

almost similar at the wetter and dryer region of matric suction. Both CBR and MR 354 

values are expected to increase linearly beyond the compacted matric suction of 566.6 355 

kPa. This finding is comparable to [6] for compacted kaolin. A one to one relationship 356 

was also observed from this figure, with the reduction of MR and CBR values across 357 

the plane, it seems there is a consistent reduction in both parameters when it move to 358 

the wet side. If the soil is compacted at the slightly dry side of the compacted range lie 359 

within the 98% of maximum dry unit weight, the small change in the moisture content 360 

(~3.5%) have substantial change in the results of MR. 361 

 362 
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 363 
Fig. 11. Evolution of the CBR and MR values based on matric suction at five different 364 

moisture contents. 365 
 366 

The discussion from the above findings can further established through multilinear 367 

regression model. The relationship of moisture content, dry unit weight, CBR and MR 368 

was plotted in 3D surface plot shown in Fig. 12 (a) and (b). To explore the potential 369 

relationship between these three variables, the 3D surface plot was interpolated using 370 

MINITAB 17 statistical software. Minitab 17 surface plots response (z) values at the 371 

x-y intersections of an evenly-spaced mesh. If the x- and y-values are evenly spaced, 372 

Minitab 17 plots the z-values at the x-y intersections. If the x- and y-values are not 373 

evenly spaced, Minitab interpolates (estimates) the z-values at the intersections of a 374 

regular 15 by 15 mesh with the same x- and y-ranges as the data. In the case of this 375 

study, the three variables are not evenly space, therefore Minitab 17 interpolates the 376 

data using Distance method instead of Akima’s polynomial method. Distance method 377 

works well in for this analysis as it estimate z within the range of the dataset for x and 378 

y. Whereas Akima’s polunomial method does not give desired effect for this analysis 379 

as it uses a fifth-order polynomial which can only estimate z-values at x-y positions 380 
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beyond the avaliable dataset that are too large or small. MR is the response values 381 

represented by z-axis whereas CBR and moisure content were plotted on the x- and y-382 

scales, respectively as the predictor factors. Fig. 12 (a) shows a rising ridge surface of 383 

CBR and moisutre content which have substantial effect on the resilient modulus. It 384 

can also be observed that when either factors (CBR or moisture content) were 385 

increasing at the same time leads to an increase in MR. This phenomenon does not 386 

occur in the case for dry unit weight. Both MR and CBR values decreased moderately 387 

to 39.34 MPa and 9.9 %, respectively for soil compacted at wet side of OMC, 388 

regardless of the dry unit weight imparted. Fig. 12 (b) shows the 3D surface plot for 389 

three different variables (MR, γd and CBR) where resileint modulus and CBR values 390 

are not entirely influenced by dry unit weight. As can be seen from this figure, 391 

specimen prepared at the same dry unit weight was observed to have very significant 392 

different in the resilient modulus and CBR values. In spite of compacted at the similar 393 

dry unit weight over a wide range of moisture content, the strength and potentially its 394 

stiffness of the compacted soil can behaved very differently. 395 

 396 
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 397 

 398 

Fig. 12. Surface plot of three variations on: (a) Resilient modulus, moisture content 399 
and CBR; (b) Resilient modulus, dry unit weight and CBR. 400 

 401 

These 3D surface plots are useful for establishing the regression model for MR 402 

value. The nonlinear multiple regression model established for MR as a function of 403 
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CBR and w {MR = f (CBR, w)} as shown in Eq. (7) is having coefficient of 404 

determination of 0.99. 405 

                              MR = 75.1 + 0.063 CBR – 1.81w                                    (7) 406 

Where w and CBR value are presented in percentage. 407 

Conversely, the nonlinear regression analysis of the three parameters for MR = f (CBR, 408 

γd) yields the following equation {vide Eq. (8)} with a high coefficient of determination 409 

of 0.97, which is above 0.7 indicating relatively good fit according to Lim (2015). 410 

 MR = 52.4 + 0.864 CBR – 1.41 γd                                                   (8) 411 

These factors are further summarized graphically in the polar chart shown in Fig. 412 

13. The five axes represent five different type of soil specimen prepared at different 413 

moisture content and dry unit weight and tested with CBR and MR with lowest value 414 

moving towards the graph’s centre and highest value appear towards the periphery. It 415 

can be seen that with the decrease in soil matric suction, both CBR and MR value tend 416 

to move further away from the periphery indicating a decrease in the value. The red 417 

circle with dashed line presenting the soil parameter compacted at optimum moisture 418 

content and maximum dry density, whereas the yellow cluster indicate the drying side 419 

and green cluster indicate the wetter side.  420 

 421 
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 422 

Fig. 13. Polar chart. The five axes represent five types of specimens prepared at 423 
different moisture content and dry density and tested with CBR and MR with lowest 424 

value moving towards the graph’s centre and highest value appear towards the 425 
periphery. 426 

 427 

Soil Macrostructure 428 

The CT-scanning has been carried out in this study to examine the macrostructural 429 

changes of soil compacted at different moisture content and dry unit weight. The CT-430 

scanning was performed on the soil surface on both side of the sample. The structural 431 

changes observed in the compacted soils were evaluated in terms of macroporosity 432 

(inter-aggregate pores), by examining the differences in the greyscale of the images. 433 

Varying grayscale values represent sediment, water and void space. Presented herein, 434 

denser materials are represented as lighter grayscale values with the voids showing the 435 

darkest. For instance, white and grey areas correspond to sand particles and 436 

aggregations, respectively. Whereas dark areas correspond to air-filled and water-filled 437 
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pores. Similar technique was adopted by [35]. As illustrated in Fig. 14, specimen (A) 438 

compacted at 12.1% of water content shows distinct aggregations (grey areas) with 439 

large interpores (a mixed of water- and air-filled areas). While as the water content 440 

increases to 15.5% for specimen (B), aggregations were observed with less air-filled 441 

areas. There is an improved orientation of particles and a corresponding reduction in 442 

size of voids as water content increase from specimen (A) to (B) as shown in the CT-443 

scan images. As the soil compacted to its OMC, water replaces the pores and this 444 

further leads to a flocculation of the soil particles as shown in (C). This phenomenon 445 

is observed to be in agreement with the findings hypothesized by Ajdari et al. (2013)[7] 446 

and Lim et al. (2021)[42] . With higher bearing capacity and stiffness values observed 447 

at the dryer site where compacted soils were observed to be flocculated 448 

(compressibility reduces) through quantitative analysis, this phenomenon thus further 449 

justify and in congruent with the findings reported in Lim et al. (2021)[36]. 450 

When the soil is compacted at wet side of optimal, as illustrated in (D) and (E), 451 

these compacted soils have the opposite characteristics of the soil compacted at dry 452 

side of the optimum water content. Soil compacted at water content higher than the 453 

optimum water content results in a relatively weak matrix soil structure. At this point, 454 

the aggregations fused slightly to form a more “matrix-dominated” macrostructure 455 

during compaction. This gives a significant reduction in CBR and resilient modulus 456 

values. These compacted soils exhibit a soil structure dominated by large amount of 457 

macropores (i.e. the whiter areas). As soil compacted to a higher water content of 0.252 458 

as shown in CT-scanned image (E), the micropores are observed to have moderately 459 

lost to nearly absent. The studying of specimen prepared beyond the optimum moisture 460 

content reveals a decrease in the number of connected voids filled with air, 461 

consequently, matric are developed as a result.  462 
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 463 

 464 

Fig. 14. CT-scan images of compacted specimens at different moisture content: (a) w 465 
= 12.1%, (b) w = 15.5%, (c) w = 19.6%, (d) w = 23.2%, (e) w = 25.2%, representing 466 

five distinct of regions of aggregation. 467 

 468 

Regardless of the effect of compaction, increasing soil moisture increased 469 

interpore volume [37]. When soils were compacted at the wet side of OMC, with the 470 

increased in moisture content, the aggregations become deformable and gradually tend 471 

to be more matrix-dominated macrostructure during compaction [34]. When the soils 472 

are compacted at dry side of OMC, distinct aggregations were observed, typically 473 

results in a flocculated and aggregated soil structure having random particle 474 

orientations, this mirrors the observations in considerable higher matric suction and 475 

higher CBR as well as resilient modulus values discussed above. It is thus worth noting 476 

that macrostructure changes associated with the increase in moisture content under 477 

different dry densities are possibly the reasons for the increase in the soil suction, MR 478 
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and CBR values. This indicates that MR and CBR exhibits a strong dependency on the 479 

soil structure, as outlined in studies on compacted soil by Heitor et al. (2013[34]. 480 

Nonetheless, it is recommended that the physical characterisation of compacted soil 481 

using CT scan should be quantitatively analysed in terms of its saturated hydraulic 482 

conductivity (K-Sat, cm h-1), air permeability (K-Air, cm2) and relative diffusivity for 483 

He [38], among others for further research study. 484 

 485 

Conclusions 486 

Under unsaturated conditions, the effect of matric suction on the behaviour of soil 487 

resilient modulus and CBR are of key importance. The results of a laboratory testing 488 

programme allowed to examine the hysteretic behaviour of the soil suction on resilient 489 

modulus and CBR of compacted Ballina clay along dryer and wetter region across a 490 

compaction energy. The study also reiterates a common assumption in practice that 491 

there is intimate relationship between the compaction characteristics (i.e. moisture 492 

content and dry unit weight), soil suction and resilient modulus as well as CBR. It was 493 

also noted that the stiffness of the compacted soil was significantly affected by the 494 

water content. There is a one-to-one relationship observed with the reduction of MR 495 

and CBR across the evolution plane based on matric suction. This seems there is a 496 

consistent reduction in both parameters when it moves to the wet side (w>19.6%). Both 497 

MR and CBR are relatively insensitive at the wet side. If small water content is change 498 

in the field, it is expected not likely to affect strongly on the value of MR and CBR (9 499 

MPa and 8%, respectively). However, if small change (~3.5%) in the water content in 500 

the dry side, a dramatic change will be expected for both MR and CBR values (18 MPa 501 

and 18 CBR, respectively). This also reveals that matric suction in soil contribute 502 

significantly to the stiffness and strength of the soil. However, suction is lost when soil 503 
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absorbs water. This occurs in the field through water infiltration during rainfall. CT 504 

scan results reveals that increasing soil moisture increased the interpores volume. Soils 505 

compacted at the wet side of OMC impart that the aggregations became more 506 

compressible and present probable matrix-dominated macrostructure during 507 

compaction. While soils compacted at dry side of OMC yield distinct aggregations 508 

owing to the flocculated and aggregated soil structure with random particle orientations 509 

which mirror the observations in considerable higher matric suction and higher CBR 510 

as well as resilient modulus values. Generally, notable correspondence can be found 511 

between the soil suction, the water content, resilient modulus and CBR of compacted 512 

Ballina clay. This study is limited to evaluating the variation of CBR and resilient 513 

modulus of compacted Ballina clay as a function of total suction and matric suction in 514 

the laboratory. Further investigation is required to study the influence of soil suction 515 

on CBR and resilient modulus on soil compacted at different energy level. 516 
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