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CHAPTER 5 

UNDRAINED MONOTONIC TRIAXIAL TESTS 

5.1 Introduction 

The undrained triaxial test with the measurement of pore water pressure was chosen to 

investigate the monotonic stress-strain behaviour and the pore water pressure 

characteristics of the sand as well as sand mixed with tyre chips. Both compression and 

extension tests were conducted using a consolidation pressure of 100kPa, which was the 

same as for the undrained cyclic triaxial test. 

A total of 25 compression and 25 extension tests were performed. Each series of 

which comprised one pure sand specimen and 24 sand-tyre chip mixtures. Four different 

sizes of tyre chips were mixed with the sand; the sand to rubber ratios were 95: 5,90: 10, 

80: 20,70: 30,60: 40, and 50: 50. The stress-strain characteristics, pore water pressure 

behaviour, and stress paths are presented and discussed. 

5.2 Results and Discussion 

The undrained monotonic triaxial compression test results are summarised and shown in 

Table 5.1. It presents (1) group of specimens, (2) mixture, (3) test number, (4) sand to 

rubber ratio, (5) initial void ratio eo, (6) consolidated void ratio e, (7) deviator stress at 

failure qf, (8) mean effective normal stress at failure p' f, and (9) pore water pressure 

coefficient at failure Af. For the undrained monotonic triaxial extension tests, the test 

results are summarised and shown in Table 5.2. According to ASTM D4767-95 

(1996a), of for the compression test was obtained from the peak deviator stress or the 

deviator stress at 15% axial strain, whichever was the maximum. 
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Under a consolidation pressure of 100kPa it was anticipated that the test sand 

could not be crushed. This was evident when considering the void ratios before and 

after the consolidation, i. e., eo = 0.676 and e=0.668; eo = 0.675 and e=0.668, 

corresponding to the compression and extension tests, indicating that only slight change 

occurred. 

The initial void ratio averaged from the compression and extension tests shown 
in Table 5.1 and Table 5.2, respectively, for SA having rubber content of 5% was 0.676 

([0.673+0.678]/2) 
. It slightly increased to 0.680 ([0.688+0.672]/2) when the rubber was 

increased to 10%, and continued to increase to 0.700 ([0.699+0.700] /2) and 0.748 

([0.753+0.742]/2) corresponding to the increase of rubber of 20% and 30%, 

respectively. When the rubber was increased to 40% and 50%, the averaged values of eo 

were 0.761 ([0.763+0.758]/2) and 0.748 ([0.755+0.741]/2), respectively (see Figure 

5.1). This non-proportional change of void ratio with respect to rubber content may owe 
to the moderate difference in size between the sand and the rubber, i. e., D50 of sand = 
0.7mm, D50 of CT0515 = 1.2mm. Note that the void ratio of composite materials having 

different sizes such as sand mixed with gravel was also found to vary with varying 

mixtures (Evans and Zhou, 1995). 

When SA mixtures having 5% and 10% rubber contents were consolidated, it 

was observed that the consolidated void ratios decreased just slightly from the initial 

state, as illustrated by Figure 5.2, indicating a small effect of the rubber in the sand- 

rubber matrix on the consolidated void ratio. In other words, the behaviour of the 

mixtures was still governed by the sand. For SA containing 20% rubber it was observed 

that the change of void ratio before and after the consolidation was greater compared to 

the specimens having 5% and 10% rubber. In addition, it was more apparent when the 

rubber was increased to 30% and above. The changes of void ratio in per cent were 

1.48,2.06,5,10.03,15.39, and 21.52 corresponding to the SA mixtures having rubber 

contents of 5,10,20,30,40, and 50%, as can be observed in Figure 5.3. Note that the 

change of void ratio before and after the consolidation for pure sand was just 1.11%. 

For SB having rubber contents of 5,10,20,30, and 40%, the initial void ratio 

slightly decreased with increasing rubber content; however, it increased when the rubber 

was increased to 50% (see Figure 5.1). When consolidated, the void ratio was observed 
to gradually decrease as the rubber content was increased; but, the rate of the decrease 
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was smaller when the rubber was increased to 50%. The change of void ratio before and 

after consolidation for SB was observed to be similar to that of SA, except that the 

percentage change was smaller (see Figure 5.3). 

For SC having rubber contents from 5% to 40%, both initial and consolidated 

void ratios were observed to gradually decrease. When the rubber was increased to 

50%, the initial void ratio then slightly increased, compared to 40% rubber; whereas, 

the consolidated void ratio continued to decrease. For SD, both initial and consolidated 

void ratios were observed to gradually decrease with increasing rubber content. In 

addition, it - was observed that the change of void ratios before and after the 

consolidation for SC and SD had patterns similar to those of SA and SB. 

When considering Figure 5.2 illustrating the consolidated void ratios against 

varied rubber content, it can be seen that the relationships may be approximated as 

linear. This was done by setting the interception of zero rubber content at 0.668 (e for 

pure sand), and the linear equations for the mixtures were drawn, and shown below: 

e=0.668 - 0.0009RC (for SA) (Eq. 5.1) 

e=0.668 - 0.0023RC (for SB) (Eq. 5.2) 

e=0.668 - 0.0046RC (for SC) (Eq. 5.3) 

e=0.668 - 0.0055RC (for SD) (Eq. 5.4) 

where RC is rubber content in per cent; the linear relationships between e and 

rubber content were plotted and are shown in Figure 5.4. Moreover, it was observed that 

the greater the size of rubber the steeper the gradient of the void ratio curves, indicating 

that the size of rubber significantly affected the increase and decrease of void ratios of 

sand-rubber mixtures. Thus, it was interesting to further normalise Eq. 5.1 to Eq. 5.4. 

This was done by rewriting the equations, as shown below: 

e=0.668 - Fe(RC) (Eq. 5.5) 

where Fe is a factor that needed to be determined. However, it can be seen that 

the factor Fe depended on the size of rubber, in other word, depended on the particle 

size ratio Dr/Ds. Thus, the relationship between Fe and Dr/DS was plotted and is shown 
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in Figure 5.5; subsequently, the fitted curve was obtained, and Fe was formulated, as 
shown below: 

Fe = 0.0026 in (Ls) 
- 0.0004 

then, Eq. 5.5 was rewritten, and became: 

e=0.668 - 
[0.0026 in (DE) 

- 0.0004 1 RC 

(Eq. 5.6) 

(Eq. 5.7) 

III 
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Table 5.1 Summary of undrained monotonic triaxial compression tests 

Group Mixture Test No. 
Sande. Rubber 

n Co e (kPa) 

P, at 
failure 
(kPa) 

Ar 

S Pure Sand TC10OS 100: 0 0.676 0.668 955 672 -0.27 

SA Sand +CT0515 TC95SA 95 :5 0.673 0.662 773 589 -0.30 

TC90SA 90: 10 0.688 0.674 405 329 -0.23 

TC80SA 80: 20 0.699 0.661 143 113 0.24 

TC70SA 70: 30 0.753 0.671 105 76 0.57 

TC60SA 60: 40 0.763 0.637 95 71 0.63 

TC50SA 50: 50 0.755 0.582 108 74 0.58 

SB Sand +CT1030 TC95SB 95: 5 0.673 0.664 857 638 -0.30 

TC90SB 90: 10 0.680 0.667 646 492 -0.27 

TC80SB 80: 20 0.659 0.632 241 188 -0.03 
TC70SB 70: 30 0.645 0.600 145 113 0.25 

TC60SB 60: 40 0.644 0.562 124 91 0.40 

TC50SB 50: 50 0.679 0.549 119 78 0.52 

SC Sand +CT2060 TC95SC 95: 5 0.651 0.642 902 649 -0.28 

TC90SC 90: 10 0.627 0.619 816 604 -0.28 

TC80SC 80: 20 0.570 0.556 710 531 -0.27 

TC70SC 70: 30 0.549 0.525 344 242 -0.08 

TC60SC 60: 40 0.496 0.456 241 170 0.05 

TC50SC 50: 50 0.517 0.452 185 128 0.19 

SD Sand +CT4010 TC95SD 95: 5 0.642 0.634 916 654 -0.27 

TC90SD 90: 10 0.615 0.606 851 618 -0.28 

TC80SD 80: 20 0.559 0.546 780 589 -0.29 

TC70SD 70: 30 0.523 0.506 582 434 -0.24 

TC60SD 60: 40 0.472 0.436 381 268 -0.11 

TC50SD 50: 50 0.411 0.379 282 196 0.00 
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Table 5.2 Summary of undrained monotonic triaxial extension tests 

Group Mixture Test No. 
Sand: Rubber 

Ratio eo e 
(kPa) 

p' at 
failure 
(kPa) 

Ar 

S Pure Sand TE100S 100: 0 0.675 0.668 -221 174 -1.00 

SA Sand + CT0515 TE95SA 95 :5 0.678 0.669 -177 165 -1.03 

TE90SA 90: 10 0.672 0.658 -153 127 -0.84 

TE80SA 80: 20 0.700 0.668 -103 76 -0.44 

TE70SA 70: 30 0.742 0.674 -73 53 -0.02 
TE60SA 60: 40 0.758 0.650 -68 51 0.06 

TE50SA 50: 50 0.741 0.592 -79 47 0.01 

SB Sand +CI'1030 TE95SB 95: 5 0.670 0.662 -212 170 -1.00 

TE90SB 90: 10 0.666 0.653 -188 161 -0.99 

TE80SB 80: 20 0.647 0.623 -132 103 -0.69 

TE70SB 70: 30 0.650 0.606 -101 71 -0.38 

TE60SB 60: 40 0.628 0.566 -96 65 -0.30 

TE50SB 50: 50 0.663 0.564 -95 56 -0.20 
SC Sand + CT2060 TE95SC 95: 5 0.664 0.656 -237 180 -1.01 

TE90SC 90: 10 0.619 0.611 -228 176 -1.00 
TE80SC 80: 20 0.585 0.571 -213 162 -0.96 

TE70SC 70: 30 0.557 0.538 -152 125 -0.83 

TE60SC 60: 40 0.517 0.487 -124 88 -0.57 

TE50SC 50: 50 0.507 0.453 -102 70 -0.37 

SD Sand +C174010 TE95SD 95 :5 0.650 0.643 -217 182 -1.04 

TE90SD 90: 10 0.622 0.614 -211 179 -1.04 

TE80SD 80: 20 0.578 0.567 -216 163 -0.96 

TE70SD 70: 30 0.524 0.511 -210 163 -0.97 

TE60SD 60: 40 0.494 0.473 -139 106 -0.71 

TE50SD 50: 50 0.433 0.401 -111 68 -0.38 
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5.2.1 Stress - Strain Behaviour 

The relationships between deviator stress and axial strain for pure sand, both in 

compression and extension, were plotted together, and are shown in Figure 5.6. For SA 

having sand to rubber ratios of 95: 5,90: 10,80: 20,70: 30,60: 40, and 50: 50, the 

relationships are illustrated by Figure 5.8(a), (b), (c), (d), (e), and (f), respectively. 
Figure 5.9(a) - (f), Figure 5.10(a) - (f), and Figure 5.11(a) - (f), illustrate the deviator 

stress versus axial strain for the SB, SC, and SD mixtures respectively. 

For pure sand, it was found that, the deviator stresses at failure with respect to 

the compression and extension tests were 955kPa and -221 kPa. An initial peak deviator 

stress was observed at very low strain (< 1%) for both tests. For the compression test, 

the initial peak was followed by strain hardening until the marked peak deviator stress 

was reached. For the extension test, however, strain softening was observed instead; 

followed by strain hardening until failure occurred. 

As the peak deviator stress for pure sand in the compression test was reached 
(see stress-strain curve in Figure 5.6), a shear slip failure was also observed, which 

resembles the stress-strain behaviour of a dense specimen, as illustrated by Figure 5.7, 

showing a typical stress-strain curve of a shear test on a soil. 
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Furthermore, it was also observed that the failure for both compression and 

extension tests occurred when the axial strains reached approximately 8%. For the 

compression test, after failure, large strains were associated with a gradual decrease of 

the deviator stress. After 15% axial strain was reached, the deviator stress was slightly 

gradually decreased towards the constant, while the strain continued to decrease. This 

distinctive behaviour for saturated sand under undrained conditions has been recognised 

as a steady state (SS) (Castro, 1969; Zhang and Garga, 1997; Yamamuro and Lade, 

1998). However, it was not quite reached at this point as the deviator stress was 

observed to continue gradually decreasing. The SS can also be seen for the extension 

test when the axial strain was approaching 15%. 

A phase transformation (PT) at which the pore water pressure begins to decrease 

while the deviator stress increases (Ishihara et al, 1975; Hyodo et al, 1998) was 

observed when the axial strain was around 0.50%, for the compression test. In the case 

of extension test, the PT was observed when the axial strain reached -0.90%. Note that 

the PT for pure sand under the compression and extension tests is also illustrated in 

Figure 5.6. 

For SA having a sand to rubber ratio of 95: 5 (see Figure 5.8(a)), the stress- 

strain curves for the compression and extension tests exhibited the initial peak deviator 

stress at very low strain, similar to that of pure sand but at quite a lower strain. After 

that, strain hardening was observed until failure (peak) occurred at axial strains of 

13.01% and -10.98% corresponding to the compression and extension tests, which were 

greater than that of 8% for pure sand. The of for the compression and extension tests 

were 773kPa and -177kPa, respectively. For the compression test, after 20% axial strain 

was reached, the deviator stress continued to noticeably decrease with increasing axial 

strain indicating that the SS was not quite reached. For the extension test, after the 

initial peak, the strain softening observed for pure sand was also observed. 

Subsequently, strain hardening was observed until the extension failure occurred at an 

axial strain of -10.98%. The PT points occurred when the axial strains reached 1% and - 
0.9% corresponding to the compression and extension tests. 

When the rubber was increased to 10% for SA, the stress-strain behaviour was 

somewhat different to that of SA having 5% rubber. For example, for the compression 

test, after the initial peak, strain hardening was observed but at a rate that was lower 
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than that of the 95: 5 mixture (see Figure 5.8(b)). Furthermore, even when the axial 

strain was as high as 20%, no peak deviator stress was observed. It should be noted that 

in this case of was taken as occurring at 15% axial strain. For the extension test, after the 

initial peak deviator stress occurred at very low strain, strain softening was observed for 

a short period, followed by the strain hardening towards the failure at about -13%. The 

of values for the compression and extension tests were 405kPa and -153kPa, 

respectively. The PT points for the compression and extension tests occurred when the 

axial strains reached 1.5% and -2%, respectively. 

The stress-strain behaviour for SA containing 20% rubber (see Figure 5.8(c)) 

was observed to be quite different to those mixtures having 5% and 10% rubber. For the 

compression test, after the initial peak was reached at less then 1% axial strain, the 

deviator stress progressively increased with increasing axial strain. It can be seen that 

the curve after the initial peak was almost linear, and no peak deviator stress was 

observed. This distinctive behaviour suggests the influence of the rubber in sand-rubber 

mixtures was more pronounced when the rubber was increased to 20%. Another point 

that should be noted is that the rate of increase of the deviator stress is much smaller 

than that of the 95: 5 and 90: 10 mixtures, indicating the highly elastic properties of the 

rubber. For the extension test, strain softening was observed just after the initial peak 

deviator stress was reached. The deviator stress then gradually decreased almost linearly 

with a decrease in axial strain, similar to that observed for the compression test. The of 

values for the compression and extension tests were 143kPa and -103kPa, respectively. 
It is apparent that the difference between these two values of of is smaller than those 

mixtures having smaller quantities of rubber. The PT points for the compression and 

extension tests were observed when the axial strains reached about 3.55% and -2%, 

respectively. 

For SA when the rubber was increased to 30% (see Figure 5.8(d)) the stress- 

strain behaviour was almost identical to that of SA having 20% rubber. This includes 

the characteristics of initial peak deviator stress, the linearity of the stress-strain curve, 

and the strain softening for the extension test. However, the deviator stress at failure 

was lower than that of SA having 20% rubber, i. e., 105kPa and -73kPa corresponding to 

compression and extension tests. The PT for the compression and extension tests 

occurred when the axial strains were 7.2% and -3.62%, respectively. 
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For SA having rubber content of 40% (see Figure 5.8(e)), it was observed that 

the stress-strain characteristics were quite similar to those of SA having 20% and 30% 

rubber, except that for the compression test the peak deviator stress now was observed 

when the axial strain reached 17.91%. It was also observed that of values for the 

compression and extension tests were very similar to that of SA having 30% rubber, i. e., 
95kPa and -68kPa, respectively. The PT for the, compression and extension tests 

occurred when the axial strains reached 11.59% and -6.33%, respectively. 

For SA having 50% rubber (see Figure 5.8(f)), the stress-strain behaviour was 
observed to be similar to that of SA having rubber contents of 20%, 30%, and 40%, 

except that for the compression test no initial peak deviator stress was observed. 
However, the deviator stresses at failure for the compression and' extension tests were 
108kPa and -79kPa, which were slightly greater than those for SA having rubber 

contents of 30% and 40%, but still lower than that of SA having 20% rubber. The PT 

points for the compression and extension tests were observed when the axial strains 

reached 13.89% and -5.34%, respectively. 

The stress-strain behaviour for SB having 5% rubber (see Figure 5.9(a)) was 

similar to that of SA having the same rubber content. However, it was observed that of 

values for the compression and extension tests were somewhat greater, i. e., 857kPa and 

-212kPa, respectively, compared to of for SA of 773kPa and -177kPa. This comparison 
indicates that when the test sand was mixed with bigger tyre chips, of was greater. 

In addition, the PT for both compression and extension tests was also at axial 
strains similar to those for SA. For SB containing 10% rubber (see Figure 5.9(b)), the 

stress-strain behaviour was quite comparable to that of SA having the same rubber 

content. For the compression test, however, SB exhibited a peak deviator stress when 
the axial strain reached 19.02%, whereas for SA, this was not observed. Furthermore, of 
for both compression and extension tests was noticeably larger compared to that for SA. 

The PT for both compression and extension tests was met at a strain level similar to that 

of SA. 

For SB having a rubber content of 20% (see Figure 5.9(c)), the stress-strain 

curves for both compression and extension tests were comparable to those of SA having 

the same rubber content. One distinction should however be noted that, both 
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compression and extension tests exhibited a peak deviator stress at very large strains, 

while SA did not. Also, the of values for both compression and extension tests were 

greater than those of SA, i. e., of for SB = 24lkPa and -132kPa, respectively, compared 

to 143kPa and -103kPa for SA. The PT for the compression test was met at much 

smaller strain levels, compared to SA; nonetheless, for the extension test, it was met at a 

similar strain level. For SB having a rubber content of 30% (see Figure 5.9(d)), the 

similarities between SA and SB having 20% rubber content were also observed. This 

includes the peak deviator stress, the deviator stress at failure, and the PT 

characteristics. 

For SB having 40% rubber (see Figure 5.9(e)), the stress-strain behaviour for the 

compression test was quite similar to that of SA having the same amount of rubber; but, 

the PT was at a smaller strain and qf was greater. For the extension test, a peak deviator 

stress was observed at an axial strain around -12.25%, while it was not observed for SA. 

When the rubber added was the maximum of 50% (see Figure 5.9(f)), the stress-strain 

curves for SB were very similar to those for SA having the same rubber content. 

However, of obtained from the compression and extension tests were slightly greater, 
i. e., of for SB and SA = 119, -95kPa and 108, -79kPa, respectively. 

For SC having 5% rubber (see Figure 5.10(a)), the stress-strain behaviour for 

both compression and extension tests was observed to be quite similar to that of SA and 

SB having the same rubber content. However, it was observed that the peak deviator 

stresses for both triaxial compression (TC) and triaxial extension (TE) were slightly 

greater than those of SB. Another point that should be noted is that the peak deviator 

stresses were met at a slightly smaller strain, compared to SA and SB. When the rubber 

was increased to 10%, the stress-strain curve for the compression test (see Figure 

5.10(b)) was quite different to those of SA and SB. The peak deviator stress was met at 

around 10.95% axial strain, while it was met when the axial strain was 19.02% for SB, 

and none was observed for SA. For the extension test, however, the stress-strain curve 

was quite comparable to that of SA and SB. One distinction that should be noted is that 

of for both TC and TE were greater than SB and SA. However, PT for both TC and TE 

were observed at similar strain levels as occurred for SA and SB. 

For SC having 20% rubber content (see Figure 5.10(c)), the stress-strain curve 
for the compression test exhibited a peak deviator stress at 18.13% axial strain, whereas 
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it was not observed for SA and SB. It can be seen that of is markedly greater than that of 

SA and SB having the same amount of rubber, i. e., of values for TC and TE were 
344kPa and -152kPa, respectively, compared to 105kPa and -73kPa; 145kPa and - 
lOlkPa corresponding to SA and SB. However, the PT for both TC and TE were 

observed at similar strain levels as SA and SB. 

Compared with SA and SB having the same rubber content of 30%, SC (see 

Figure 5.10(d)) exhibited quite different stress-strain behaviour. After the initial peak 

deviator stress was reached at an axial strain smaller than I%, the deviator stress 

increased almost linearly with increasing axial strain. The rate of increase was observed 

to be much higher compared to both SA and SB. As a result, qf values for TC and TE 

were markedly higher than those of SA and SB. However, a peak deviator stress was 

not observed even after the axial strain reached 20% and higher. Note that the peak 
deviator stress was observed for SB at around 15.3% axial strain, but was not observed 
for SA. Moreover, the PT for TC and TE were met at the axial strains smaller than those 

observed for SA and SB. 

For SC having rubber contents of 40% (see Figure 5.10(e)) and 50% (see Figure 

5.10(f)), the stress-strain characteristics were quite comparable to those of SA and SB 

having the same rubber amount. However, of values for TC and TE were greater, and 
the PT for TC was at smaller axial strains. 

For SD having rubber contents of 5%, 10%, 20%, 30%, 40%, and 50% (see 

Figure 5.11(a), (b), (c), (d), (e), and (f), respectively), the stress-strain behaviour was 

observed to be very similar to that for SC having the same amount of rubber, except that 

of values were greater. 

As just discussed, it can be seen that even when the sand to rubber ratios were 

the same; if the size of tyre chips added was different the stress-strain characteristics 

were somewhat dissimilar. This aspect can be graphically observed by plotting the 

stress-strain curves for a particular mixture having various sizes of rubber. Thus, the 

stress-strain characteristics for the SA mixtures, SB, SC, and SD, having 5% rubber 

were plotted altogether, and illustrated by Figure 5.12. For the SA mixtures, SB, SC, 

and SD, having 10%, 20%, 30%, 40%, and 50% rubber contents, the stress-strain 

curves are illustrated by Figures 5.13 - 5.17, respectively. 
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In addition, Figure 5.18 illustrates the stress-strain curves for SA with all sand- 

rubber ratios, including pure sand, in order that the stress-strain characteristics of all 

sand to rubber ratios as well as pure sand can be easily examined and compared. For 

SB, SC, and SD, the stress-strain curves for all sand to rubber ratios are illustrated by 

Figure 5.19, Figure 5.20, and Figure 5.21, respectively. 

Overall, comparing the deviator stress at failure for SA, SB, SC, and SD having 

the same rubber content, it can be seen that the order from smaller to greater is SA, SB, 

SC, and SD, as illustrated by Figure 5.22. This suggests that the size of tyre chips mixed 

with the sand influences the shear strength of the mixture. This may owe to the nature of 

mixing two materials having different sizes, as already discussed. Regardless of the size 

of rubber mixed, the peak deviator stress was observed only when the rubber content 

was 20% and smaller. When the rubber portion was 30% and higher, almost every 

specimen did not exhibit a peak deviator stress. It may be concluded that for mixtures 

containing up to 20% rubber, the sand mainly influenced the stress-strain 

characteristics. However, when the rubber was increased to 30% and more, the stress- 

strain behaviour was then more dominated by the rubber. This is obvious when 

considering the deviator stresses at failure for SA and SB having rubber contents 30% 

and higher in that they were almost the same. In addition, for the mixtures containing 

rubber contents of 30% and higher, the failure conditions in the compression test were 

quite similar to those illustrated by Figure 5.7 (plastic contraction failure). 

It was interesting to compare the shear strength characteristics of the mixtures to 

other studies. Unfortunately, so far most studies involving sand mixed with rubber have 

been investigated under drained conditions. This is because the size of recycled rubber 

is quite large thereby the pore water pressure can dissipate almost instantaneously when 
loaded. Thus, the comparison was not done. 

However, there have been studies indicating that the addition of rubber increases 

the shear strength of sand. For example, the results from direct shear tests show that the 

addition of shredded tyres increase the shear strength of Portage sand, i. e., the initial 

friction angle of the mixtures is 67° compared to 34° for unreinforced sand (Foose et al., 

1996). The similar findings were also found by Ghazavi (2004). Furthermore, Ghazavi 

(2004) reported that an apparent cohesion was obtained when specimens containing 

rubber grains. 
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When considering the behaviour of the mixtures at a grain level, Ghazavi (2004) 

explained that during shearing sand grains tend to penetrate into the rubber grains 

resulting in an induced lateral pressure imposed from the sand to the rubber. Hence, 

there are two components, namely (1) the lateral pressures induced from sand grains to 

rubber, and (2) the friction mobilised between sand-rubber, rubber-rubber, and sand- 

sand, that cause the friction angle to increase. 
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5.2.2 Pore Water Pressure Behaviour 

This section presents and discusses the pore water pressure behaviour of pure sand as 

well as sand mixed with tyre chips under undrained monotonic triaxial compression and 

extension tests. The pore water pressure characteristics were depicted by means of 

excess pore water pressure, i. e., the pore water pressure that exceeds the value just 

before the shearing took place. Note that the initial pore water pressure for all tests was 

190kPa. The excess pore water pressure behaviour for pure sand is illustrated by Figure 

5.23. The typical plots of deviator stress, pore water pressure change, coefficient A 

against strain from undrained triaxial tests on saturated soils are illustrated by Figures 

5.24 so that it could he compared with the test results. Figures 5.25 - 5.28 illustrate the 

increase and decrease of pore water pressure for SA, SB. SC, and SD. respectively. 

The excess pore water pressure (Au) for pure sand under TC (see Figure 5.23) at 

the beginning of shearing increased very rapidly to a maximum of 26.3kPa at around 

0.4% axial strain. It then decreased very quickly at almost the same rate to the minimum 

excess pore water pressure Au,,,;,, of around -254kPa after an axial strain of 7% was 

reached. After that. Au was maintained until the end of testing at 22% axial strain. The 

behaviour observed for TC was also observed to be the case for TE. However, the 
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maximum excess pore water pressure Lum. was somewhat higher, and was reached at a 

larger axial strain. When Dumax of 34.2kPa was reached for TE, it then decreased quite 

rapidly; nonetheless, the rate of decrease was observed to be slightly slower than that 

for TC. In addition, DUmj� at the final axial strain of 15% was slightly greater, 

i. e., -230kPa. It can be seen that Du generated by TC, initially increased followed by a 

marked decrease towards the end, resembling the behaviour of overconsolidated clay, as 
illustrated by Figure 5.24(f). 

The sudden increase of Au at the beginning of shearing followed by a relatively 

rapid dilative decrease towards the steady state observed for pure sand was also 

observed for SA having 5% rubber (see Figure 5.25(a)). However, Au,,,. was observed 

to be as much as twice. For example, Aumax for TC and TE were 46.5kPa and 56.7kPa, 

respectively, compared to 26.3kPa and 34.2kPa for pure sand. When the rubber was 

increased to 10% for SA (see Figure 5.25(b)), the pore water pressure behaviour was 

observed to be quite different to that of SA having 5% rubber. However, at the 

beginning the sudden increase of Du was observed to be quite similar. When Lum. of 

41.4kPa was reached at around 1% axial strain, Du was observed to gradually decrease 

until the end of the test; such that no period of constant Au was observed as for SA 

having 5% rubber. The behaviour of Au under TE was observed to be quite similar to 

that of TC. Nonetheless, Aum at low strain generated by TE was greater than that 

generated by TC, i. e., Aum for TE = 54.9kPa. After Aum was reached, the gradual 

decrease of Au observed for TC was also observed for TE, but at a faster rate. 

For SA having a rubber content of 20% (see Figure 5.25(c)), it can be seen that 

the behaviour of Au was quite different to those of SA having 5% and 10% rubber. For 

TC the sudden increase of Du at low strain observed for SA having 5% and 10% rubber 

was also observed, but DUmax was relatively greater. After Du, max of 61.1kPa Was 

reached at about 3.04% axial strain, it gradually decreased towards the end of shearing 

at 21.3% axial strain at which i\um; n was just above zero. For TE, it was observed that 

Au suddenly increased to a maximum value of 35.6kPa at -1.51% axial strain. It should 

be noted that when the rubber was increased to 20%, Aumax for TE was significantly 

lower than for those having lower rubber contents. After Au,,,,, was reached, Au was 
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observed to gradually decrease until the end of shearing; and, AUmin was -56.6kPa at - 
16.14% axial strain. 

The behaviour of Du for SA having 30% rubber under TC (see Figure 5.25(d)) 

was observed to be similar to that of SA with 20% rubber; whereas, for TE, the slight 

difference of the decrease in Au after Dumme was reached was observed. For TC, Au,,,. 

about the same as for SA with 20% rubber was reached at larger axial strain. It then 

gradually decreased towards the end of shearing. It was observed that the rate of 

decrease was relatively slower compared to that of SA with 20% rubber. In addition, Au 

at the end of shearing was a little bit lower than Au,,., i. e., Au (end of shearing) = 

5OkPa and Aumax = 67kPa. For TE, Aumax of 28kPa was reached at -3.1% axial strain, 

followed by a gradual decrease until the end of shearing. The Aumin of -2.7kPa was 

observed at the end of shearing, which was greater than that of SA with 20% rubber. 

When the rubber was increased to 40%, it was observed that the behaviour of Au 

(see Figure 5.25(e)) was comparable to that with 30% rubber, especially for TC. For 

TE, however, DumaX was smaller; in fact, Du was observed to increase only very slightly 

at the beginning, compared to SA with 5%, 10%, 20%, and 30% rubber. Then, it 

gradually decreased, and Du at the end of shearing was approximately zero. For SA 

having a rubber content of 50%, the behaviour of Du (see Figure 5.25(f)) generated by 

TC was observed to be similar to that of SA with 30% and 40% rubber contents, except 

that the rate of decrease of Du after Dumme reached was quite small. For TE, it was 

observed that Au slightly increased until the axial strain was around -5%, it then 

gradually decreased towards the end of shearing; and, Au at the end of shearing was 

nearly zero, which was similar to SA with 30% and 40% rubber. 

As observed for SA with 5% rubber, the behaviour of Du for SB having the same 

amount of rubber (see Figure 5.26(a)) was very similar. However, as the size of tyre 

chips was slightly greater, Du. for both TC and TE were observed to be slightly 

smaller. Furthermore, Du,,,;,, for TC and TE obtained at the end of shearing was smaller 

than that of SA. For SB having 10% rubber (see Figure 5.26(b)), compared to SA with 

the same rubber content, it was observed that Dumme for TC was reached at similar axial 

strain, but was slightly greater. However, from an axial strain of 19% onwards, Du was 

observed to be nearly constant; whereas, for SA no such behaviour was observed. For 
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TE, Au,,,. was observed to be quite comparable to that of SA. However, LUmIn was 

much smaller than that that for SA. 

For SB having 20% rubber, the behaviour of Du (see Figure 5.26(c)), was 
distinctive compared to those having smaller rubber contents of 5% and 10%. At the 

beginning of shearing, the increase and decrease of Du was quite comparable to that of 

SA with the same rubber content. For TC, however, after Aum. was achieved at around 

1% axial strain, Du progressively decreased to the end, and the final Au was -39.1kPa; 

while, for SA, it was 19.1kPa. This large difference in Au at the end of shearing 

observed for TC was also observed for TE, indicating the effects of the size of tyre 

chips on the pore water pressure behaviour. 

For SB having 30% rubber, the behaviour of Au (see Figure 5.26(d)) for TC was 

comparable to that of SA with the same rubber content. However, at the end of shearing 

Au was observed to be constant; whereas, for SA, it was still decreasing. For TE, 

compared to that of SA, Au was observed to increase initially; then it decreased at a 

much faster rate. In addition, AUmi� achieved at the end of shearing was around -42kPa 
compared to that of SA of just -2.4kPa. 

The behaviour of Du for SB having 40% rubber (see Figure 5.26(e)) under TC 

was observed to be quite comparable to that of SA having the same rubber content. 
However, the rate of decrease of Du was slightly greater than that observed for SA. As 

such, Au at the end of shearing was somewhat lower than that of SA. For TE, the 

difference in behaviour of Au between SB and SA was similar to that for a rubber 

content of 30%. 

For SB containing the maximum rubber content of 50% (see Figure 5.26(f)), it 

can be seen that the behaviour of Au for TC was very similar to that for SA having 40% 

and 50% rubber. For TE, however, it was observed that up to -5% axial strain, Du 

slightly increased just above zero. After that, it gradually decreased to the end of 

shearing. 

For SC having rubber contents of 5% and 10% (see Figure 5.27(a) and (b)), the 

behaviour of Au for both TC and TE was quite comparable to that of SB having 5% 

rubber. However, when the rubber was increased to 20% (see Figure 5.27(c)), the 
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behaviour of Du for both TC and TE was observed to be quite similar to that of SB but 

with 10% rubber. For SC having rubber contents of 30% and 40% (see Figure 5.27(d) 

and (e)), it can be seen that the increase and decrease of pore water pressure for both TC 

and TE was comparable to that of SB having a rubber content of 20%. For SC 

containing the maximum rubber content of 50% (see Figure 5.27(f)), it was observed 

that Du generated by TC was quite comparable to that of SA and SB having the same 

amount of rubber. However, it was observed that towards the end of shearing the rate of 
decrease of Au was faster. As a result, Au was lower than for SA and SB. 

The behaviour of Du for SD having rubber contents of 5% and 10% (see Figure 

5.28(a) and (b)), even though having different mixtures, was observed to resemble the 

behaviour for SC with 10% rubber. For SD containing 20% rubber (see Figure 5.28(c)), 

the behaviour of Au was observed to be comparable to that for SC containing the same 

rubber portion. When the rubber was increased to 30% (see Figure 5.28(d)), the 

behaviour of Du was similar to that of SC with the same rubber content, except that 

Dumi,, values achieved at the end of shearing for both TC and TE were much smaller, 
i. e., they were -199kPa and -217kPa, respectively, compared to -71kPa and -127kPa for 

SC. 

When the rubber was increased to 40% for SD (see Figure 5.28(e)), the 

behaviour of Au was observed to be similar to that of SC but with 30% rubber. For SD 

containing the maximum rubber content of 50% (see Figure 5.28(f)), the behaviour was 

quite different to that of SA, SB, and SC having the same rubber content. For example 
for TC, after Au,,,. was observed at an axial strain of about 2.5% similar to SA, SB, and 

SC. Au then was observed to progressively decrease at a faster rate until it was well 
below zero. This dilatant tendency was not seen for SA, SB or SC. For TE, it was 

observed that Au briefly increased just above zero, followed by a gradual decrease to a 

minimum of -42.1 kPa at -6.08% axial strain. After that, it progressively increased again 

almost linearly until the end of shearing. 

Even though the mixtures had similar rubber contents, if the size of the rubber 

was not the same, the behaviour of Au generated by the undrained monotonic triaxial 

compression and extension tests was observed to be somewhat different. These aspects 
for the mixtures 95: 5 for SA, SB, SC, and SD are illustrated by Figure 5.29. Figures 
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5.30 - 5.34 illustrate the behaviour of Au for the mixtures 90: 10,80: 20,70: 30,60: 40, 

and 50: 50, respectively. In addition, Figure 5.35 illustrates the behaviour of Au for SA 

with all sand to rubber ratios, including pure sand, so that they can be compared. For 

SB, SC, and SD, having all sand to rubber ratios, the behaviour of Au is illustrated by 

Figure 5.36, Figure 5.37, and Figure 5.38, respectively. 

Considering Figure 5.29 presenting the behaviour of Du for the mixtures 95: 5, it 

can be seen that for TC, the behaviour is very similar. However, as the size of rubber 

was increased the generated pore water pressure was more negative, especially when 

comparing between SA and SB. For SC and SD, however, it can be seen that both 

increase and decrease of pore water pressure were similar. For TE, the changes of pore 

water pressure due to different size of rubber were similar to TC. These characteristics 
for the 95: 5 mixtures were also found to be the case for the other mixtures, apart from 

the 50: 50 mixtures under TE where SD exhibited the marked increase of pore water 

pressure as previously discussed (see Figure 5.34). 

As evident in Figures 5.29 - 5.34, the tendency of more negative pore water 

pressure when the mixtures contained rubber with a bigger size such as SC and SD may 
suggest that they have the liquefaction resistance higher than the mixtures having 

smaller size of rubber such as SA and SB. 
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It is interesting to examine the behaviour of Au further for a particular mixture 

having various rubber contents. For example, for SA (Figure 5.35), it was observed that 
the greater the percentage of rubber added the less was the negative excess pore water 

pressure generated, which was the case for both TC and TE. Similar findings were also 
found for SB, SC, and SD. 

For a saturated soil the change of pore water pressure under undrained 

conditions is caused by two factors: (1) changes of all-round pressure, and (2) changes 

of deviator stress. Skempton (1954) proposes the equation to describe the behaviour of 

pore water pressure using coefficients A and B, as shown below: 

AU =B [MU3 +A (MUi - MQ3)] (Eq. 5.8) 

where: 

Au = change in pore water pressure, 

A61 = change in major principal stress, and 

063 = change in minor principal stress. 

If the soil is fully saturated the coefficient B is approximately 1.0; thus, the 

equation can be rewritten as: 

Au = M3 +A (MQ1 - MQ3) (Eq. 5.9) 

It can be seen that the coefficient A depends on the change in deviator stress. 

The value of coefficient A can then be determined from the following equation: 

A= au-AQ3 
AO'1-AQ3 (Eq. 5.10) 

For a standard undrained triaxial test, the cell pressure is constant and there is no 

change in a3, and the above equation becomes: 

Du A 
Qo1_M3 (Eq. 5.11) 

It is apparent that the coefficient A can be determined at any point of loading. 

However, the value at failure is of more interest; and, the coefficient at failure is usually 
defined as Af. Thus the equation for determining Af can be established, as shown below: 
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Chapter 5 Undrained Monotonic Triaxial Tests 

Af= of-u0 (Eq. 5.12) 
07, -Q3) f 

where: 

of = pore water pressure at failure, 

uo = initial pore water pressure, and 

(a4-ß3)f = change in principal stress at failure. 

The values of Af for the undrained triaxial compression and extension tests 

against the rubber content shown in Table 5.1 and Table 5.2 are graphically illustrated 

by Figure 5.39. For pure sand under TC, the value of Af was -0.27, indicating that it was 

prepared in medium to dense state compared to the typical values provided by Bishop 

and Henkel, 1962, as shown in Table 5.3. On the other hand, under TE, Af for pure sand 

was -1.0, showing much more negative value than that obtained from TC. This 

substantial difference of Af is almost certainly an indication of a high degree of 

anisotropy for the tested sand of which may occur during sample preparation. 

For SA, SB, SC, and SD, when 5% of tyre chips were added, the Af values for 

TC were observed to be quite similar to that for pure sand. For example, they were -0.3, 

-0.3, -0.28, and -0.27 corresponding to SA, SB, SC, and SD. Even though their values 

were similar to that of pure sand, the deviator stresses at failure were somewhat smaller. 
This indicates that for SA, SB, SC, and SD having 5% rubber, the excess pore water 

pressure generated by undrained monotonic triaxial test were less negative than that 

generated for pure sand. This is evident when considering Figures 5.35 - 5.38 showing 

the excess pore water pressure against the axial strain corresponding to SA, SB, SC, and 

SD. It is possible that as the rubber has highly elastic properties, during shearing it may 

contract thereby increasing the positive pore water pressure. For SA, SB, SC, and SD 

having 5% rubber, Af for TE, similarly to TC, were very similar to that of pure sand. 

For SA, SB, SC, and SD, when the rubber was increased to 10%, Af for TC was 

still similar to that of pure sand as well as mixtures having 5% rubber. Compared to 

mixtures with 5% rubber, however, they were slightly greater. For TE, Af values for SB, 

SC, and SD were very similar to those having 5% rubber. However, for SA, it was less 

negative. 
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When the rubber was increased to 20%, At- values for SC and SD obtained from 

TC were still similar to those mixtures with 5% and 10% rubber. For SA and SB of 

which the sizes of rubber are smaller than those of SC and SD. however, A, values for 

TC were observed to be considerably greater. For TE, similarly to TC, Al- values for SC 

and SD were quite similar to the SC and SD mixtures with 5% and 10% rubber, 

However, for SA and SB, they increased markedly. When the rubber was increased to 

30% and higher, it was observed that A, values obtained from sand mixed with various 

sizes of tyre chips were more varied, i. e., for TC and Tl: the smaller the size of rubber 

mixed the greater the + observed. 
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151 



Chapter 5 Undrained Monotonic Triaxial Tests 

Table 5.3 Typical value ofA1 for various soil types: from consolidated-und rained tests (after 
Bishop and Henkel, 1962) 

Type of Soil Plasticity 
Index 

Value of 
r1f 

marine clay: undisturbed 60 +1-3 
London clay: remoulded 52 +0.97 

: Formally Weald clay: remoulded 25 +0-94 

consolidated alluvial sandy clay: 
undisturbed 1S +0-47 

loose sand -+1.08 
dense sand -- -0.32 

Weald clay : undisturbed c. 23 -0.62 
\Veald cla}" : remoulded, 

Over-consolidated over-consolidation ratio =8 23 -0-22 
London clay : remoulded, 
over-consolidation ratio =8 52 -011 

5.2.3 Stress Path 

The p' -q stress path was chosen to depict the characteristics of successive stress states 

of pure sand as well as sand mixed with tyre chips. For pure sand the stress paths for 

both TC and TE are illustrated by Figure 5.40. Also included in the figure are PT points 

and PT lines as previously reported and discussed in the stress-strain behaviour section. 
For SA, SB, SC, and SD having sand to rubber ratios of 95: 5,90: 10,80: 20,70: 30, 

60: 40, and 50: 50, the stress paths are illustrated by Figure 5.42(a) - (f), Figure 5.43(a) - 
(f), Figure 5.44(a) - (f), and Figure 5.45(a) - (f), respectively. It should be noted that all 

stress paths, including TC and TE, began at 100 kPa. 

For pure sand under TC, initially no contraction was observed, but it dilated 

slightly until the PT was met, indicating a dense sand behaviour. Note that the dilative 

and contractive characteristics for undrained shear tests are illustrated by Figure 5.41. 

The specimen then exhibited marked dilative behaviour as q and p' progressively 

increased until failure occurred at the maximum deviator stress and p'. After the shear 
failure occurred, the stress path moved backwards but with slightly steeper slope, as 

evident in the decrease of both q and p'. A steady state was not observed at the end of 

testing. For TE, contrary to TC, the stress path initially exhibited marked contractive 
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characteristics. Dilation was then observed when the stress path passed through the PT. 

In addition, after failure only q decreased, while p' continued to increase. 

For SA having 5% rubber (see Figure 5.42(a)), the stress path for TC initially 

exhibited slight contractive behaviour until the PT. This was followed by marked 
dilative behaviour to failure where both q and p' began to decrease. This behaviour was 

observed to be quite similar to that of pure sand, apart from the slight contraction at the 

beginning of shearing. For TE, the stress path was quite comparable to that of pure 

sand, but it was observed that the initial positive pore pressures were slightly more 

pronounced. 

When the rubber content was increased to 10% and higher, the stress paths for 

TC initially exhibited contractive behaviour, followed by marked dilation as observed 

for SA with 5% rubber and pure sand. However, no decrease of q and p' was observed 

for the mixtures having 10%, 20%, 30%, and 50% rubber (see Figure 5.42(b), (c), (d), 

(f)); whereas, for the mixtures containing 40% rubber (see Figure 5.42(e)) a slight 
decrease of q was observed, indicating that the peak deviator stress was achieved. For 

TE, the mixtures containing 10%, 20%, and 30% rubber exhibited stress paths similar to 

that of the mixture with 5% rubber. However, when the rubber was increased to 40% 

and higher, after the initial marked contractive tendency only a brief dilative period was 

observed; followed by renewed contractive behaviour, indicating that the necking of the 

specimen occurred (Hyodo et al., 1998). In addition, for the mixtures with lower rubber 

contents of 5%, 10%, and 20%, it was observed that where PT points were met the 

stress path behaviour changed from contractive to dilative. However, for the mixtures 

containing higher rubber contents of 30%, 40%, and 50%, PT points were observed just 

after the stress path had changed from contractive to dilative. 

For SB having 5%, 10%, 20%, 30%, 40%, and 50% rubber (see Figure 5.43(a) - 
(f)), the stress paths for both TC and TE were quite similar to those of SA with the same 

rubber contents. 

When the size of rubber was slightly bigger, the stress paths for SC and SD were 

observed to be quite different, compared to those of SA and SB with the same amount 

of rubber. For example, for SC having 5% rubber (see Figure 5.44(a)), the stress path 

obtained from TC, instead of slight contractive behaviour at the beginning as observed 
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for SA and SB, the stress path was slightly dilative until the PT was met. This was 
followed by a marked dilative path until failure occurred, which was very similar to that 

of pure sand. In addition, the stress path for TE was also comparable to that of pure 

sand. 

When the rubber was increased to 10% for SC (see Figure 5.44(b)), the stress 

paths for both TC and TE instead resembled to those of SA and SB but with 5% rubber. 

For SC with 20% and 30% rubber (see Figure 5.44(c), (d)), it was observed that the 

stress paths were comparable to those of SB but corresponding to 10% and 20% rubber. 

For SC containing 40% and 50% rubber (see Figure 5.44(e), (f)), the stress paths were 

quite equivalent to that of SB but with 30% rubber. 

For SD of which the size of tyre chips was the biggest, the stress paths for the 

mixture containing 5% rubber (see Figure 5.45(a)), were comparable to those of pure 

sand and SC with the same rubber content. When the rubber was increased to 10% (see 

Figure 5.45(b)), the stress path for TC was distinct from those of SA, SB, and SC 

having the same rubber content: instead of having initially contractive behaviour, pore 

pressures were dilative until the PT was met, followed by more marked dilative 

behaviour until failure. This behaviour of SD with 10% rubber was very similar to that 

of SD but with 5% rubber. An initially contractive path was observed for SD when the 

rubber was increased to 20% (see Figure 5.45(c)), which was comparable to the stress 

paths SC with the same rubber content. For SD containing 40% and 50% rubber (see 

Figure 5.45(d), (e)), the stress paths obtained were quite similar to those of SC with the 

same rubber content. Although for SD containing the maximum rubber content of 50% 

(see Figure 5.45(f)), the stress path for TC was equivalent to that of SC with the same 

rubber content, that for TE was more distinct, i. e., after a brief dilative trend, a 

contractive stress path was observed. 

It is worthwhile investigating the stress paths obtained from. the mixtures having 

the same rubber content, but various size of tyre chips, so that the effects of size of tyre 

chips can be compared and examined. The stress paths, both TC and TE, for SA, SB, 

SC, and SD, all having the same rubber content of 5% are illustrated by Figure 5.46. 

Figures 5.47 - 5.51 illustrate the stress paths for SA, SB, SC, and SD, having rubber 

contents of 10,20,30,40, and 50%, respectiveiy. 
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It was observed that, as a whole, at the same sand to rubber ratio the stress paths 
for various sizes of rubber were somewhat similar. However, some distinctions should 
be noted: (1) at the beginning of shearing for TC the mixtures containing smaller size of 

tyre chips exhibited slightly contractive paths; whereas, for the mixtures containing 
larger size tyre chips no contractive tendency was observed, and (2) at the end of testing 

when the axial strain was just over 20% for TC and 15% for TE, the final q and p' were 
different, depending on the size of tyre chips added, i. e., the larger the size of tyre chips 

the greater q and p' were observed, indicating higher shear resistance. Note that the 

tendency for more dilative behaviour when the size of tyre chips was greater was also 

reported by Ghazavi and Sakhi (2005). 

The stress paths for SA having sand to rubber ratios of 100: 0,95: 5,90: 10,80: 20, 

70: 30,60: 40, and 50: 50 are illustrated by Figures 5.52, so that the behaviour for a 

particular mixture with various rubber contents can be compared. Figure 5.53, Figure 

5.54, and Figure 5.55 illustrate the stress paths for SB, SC, and SD, respectively. 

Overall, the stress paths for the SA mixtures, SB, SC, and SD, after passing 

through PT, were very similar, regardless of the quantities of rubber added. For SA and 
SB under TC, it was observed that the reverse of the stress paths (changing of q and p' 
from increasing to decreasing) was only exhibited for 5% rubber. However, for SC and 
SD, the reverse was not observed for 30% rubber and higher. In addition, it was 

observed that, for both TC and TE, the greater the percentage of rubber added, the lower 

q and p' at the end of shearing. 
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CHAPTER 6 

UNDRAINED CYCLIC TRIAXIAL TESTS 

6.1 Introduction 

The liquefaction characteristics of a saturated soil due to earthquake shaking are 

commonly investigated by means of an element test under undrained conditions. This is 

based on the assumption that strong ground motion occurs over a very short period such 

that the excess pore water pressure is maintained for as long as the ground shaking 

continues. After the earthquake ceases, however, the excess pore water pressure will 

begin to dissipate gradually until equilibrium is returned. The equilibrium is first 

reached near the ground surface. In the mean time, at lower depths the still high excess 

pore water pressure will try to dissipate by migrating to the ground surface; sometimes, 

this results in the eruption of sand-water boils above the ground. As a result soi 1 

particles will be rearranged, and settlement will occur due to self-compaction of the soil. 

It is well recognised that the assessment of liquefaction susceptibility of soil 
deposits and fills is most reliable when it is carried out using undisturbed samples. For 

saturated sand, however, such requirements are very difficult to achieve because there 

always will be some degree of disturbance during soil sampling. The technique by 

which a block of soil mass is frozen in the field and is subsequently thawed in a 

laboratory, followed by a cyclic loading test, yields a result similar to that of in situ 

conditions; nevertheless, it is very costly and time consuming. Hence, the technique has 

only been employed for critical projects such as nuclear power plants and radar stations. 

For most developments, however, it is not practical to carry out such advanced 

techniques. As a result, the liquefaction characteristics have normally been studied by 

means of testing reconstituted samples that are brought to the same densities and stress 

states as in the field. The cyclic simple shear test is frequently used to reproduce the 
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shear stress generated by earthquake loading in a soil but this can equally well be 

achieved by a conventional triaxial apparatus. The test results from the cyclic triaxial 

test have been compared with case histories indicating that it provides a reliable result. 
For that reason, the cyclic triaxial test is used extensively in liquefaction studies. To 

simulate the earthquake loading conditions on the specimen a standard triaxial loading 

frame requires some modifications such as an ability, to apply repeated cyclic loading 

(usually 0.1 - 1.0Hz) as well as an automated acquisition system connected to a 

computer for data recording and processing. 

6.2 Results and Discussions 

6.2.1 Cyclic Triaxial Test Results 

The undrained cyclic triaxial test results (Figures 6.1 to 6.29) include the following 

graphs: (a) cyclic deviator stress gcyc versus number of load cycles N, (b) axial strain E. 

versus N, (c) pore water pressure ratio iu/a'3c versus N, (d) qcyc versus c,,, and (e) qcyc 

versus mean normal effective stress p'. Note that p' was obtained from (a'1 + 2a'3)/3 

whereby a'1 and a'3 denote major and minor principal effective stresses. 

Graph (a) is not only shows the cyclic deviator stress applied, but is also used to 

examine the sinusoidal wave form cycling loading throughout the test for uniformity of 
unsymmetrical compression-extension load peaks, non-uniformity of pulse duration, 

and load fall-off at large strains. Note that the cyclic deviator stress is sometimes plotted 

against time, instead of number of load cycles. However,. if the liquefaction of a soil is 

of interest, it is more straightforward to plot the cyclic loading against the number of 
load cycles. 

Graphs (b) and (c) are very useful in terms of identifying the cycle that the 
liquefaction failure occurs, by observing either 5% ea, DA is reached for graph (b) or 

Du/a'3c is approximately 1.0 for graph (c). The stress-strain relationship can be 

examined in graph (d); which illustrates the degradation of soil stiffness during cyclic 
loading. The liquefaction can also be observed from graph (d) by examining the strain 

amplitude. Graph (e) illustrates the stress path that starts at the initial mean effective 

normal stress, and travels towards zero mean effective normal stress. In addition, the 

anisotropy of a soil can also be investigated from the stress path by examining its angles 
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during liquefaction. Normally the angle of the stress path in compression is higher than 

that in extension indicating the anisotropy of a soil. 

The undrained cyclic triaxial test results for pure sand, S, are summarised in 
Table 6.1 which shows test number indicating the applied cyclic deviator stress; B 

value indicating the degree of saturation; initial void ratio e; void ratio after 

consolidation eo,; applied cyclic deviator stress qcyc; cyclic stress ratio CSR; number of 

cycles N at which Du/a'3c was approximately 1.0; and number of cycles N at which Ca, DA 

reached 5%, in other words, liquefaction. 

For sand mixed with CT0515 tyre chips, SA mixtures, the test results are 

summarised and shown in Table 6.2. The summaries of the test results for sand mixed 

with CT1030 tyre chips (SB mixtures), CT2060 tyre chips (SC mixtures), and CT4010 

tyre chips (SD mixtures), are in Tables 6.3,6.4, and 6.5 respectively. Note that NA* in 

Tables 6.2,6.3,6.4, and 6.5 indicates that the tests were necessarily terminated before 

the pore water pressure ratio Au/a'3c = 1.0 because either the maximum or minimum 

stroke of the actuator (± 15mm) was reached, i. e., the limitation of the. test machine. 

It can be seen that the range of qcyc applied for pure sand shown in Table 6.1 in 

order to obtain the cyclic strength is between 25 and 43kPa. As expected, the greater the 

cyclic deviator stress applied the lower the number of cycles at which the specimen 
liquefied. During the consolidation it was observed that there was little change between 

the initial void ratio and the consolidated void ratio; that is, between 0.676 and 0.669, 

respectively. This may be because the consolidation pressure applied was just 100kPa. 

For pure sand specimens tested with qcyc of 43,37,32,29, and 25kPa, the cycle 

numbers at which the liquefaction failure by means of 5% Ca DA reached, occurred after 
3,5,31,98, and 204 cycles, respectively. Comparing the difference between the number 

of cycles at which the pore water pressure ratio was approximately 1.0 and the number 

of cycles at which the double amplitude axial strain reached 5%, it was surprisingly 
found to be almost the same, i. e., both criteria were met at similar cycles of loading. 

These findings are a confirmation of the double amplitude axial strain of 5% being used 

as a liquefaction failure criterion. 
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For SA (Table 6.2) with rubber contents of 5,10, and 20%, the ranges of applied 

gcyc were necessarily decreased corresponding to the increase of rubber in order to 

obtain the cyclic strength; that is, 20.5 - 36.5kPa, 16.5 - 28.5kPa, and 16 - 28kPa, 

respectively. However, when the mixtures contained much higher rubber contents, the 

ranges were reversed, i. e., they were 23 - 35kPa, 31 - 42kPa, and 37 - 51.5kPa for the 

mixtures with rubber contents of 30,40, and 50%, respectively. 

The similarity between N at Au/6'3c = 1.0 and N at 5% sa, DA for small rubber 

contents was found to be similar to that for pure sand. However when the specimens 

contained higher quantities of rubber, especially for the mixtures 70: 30 and 50: 50, only 
the 5% ea, DA criterion was met; as the pore water pressure did not reach the initial 

effective stress owing to the limiting stroke of the actuator as previously discussed. For 

SA having 40% rubber, however, at lower qcyc of 31 and 34kPa, both liquefaction 

failure criteria were met. 

Another point that should be noted is that as the rubber content was increased, 
the difference between the initial void ratio and the consolidated void ratio was 
observed to be greater. This is apparent when considering the differences for the 

mixtures 60: 40 and 50: 50, which are 0.756 - 0.656 and 0.779 - 0.623, respectively. 
This, however, was expected to happen as the rubber is more elastic than the sand. Thus 

as more rubber was added, the greater the compressibility. Thus, when the rubber was 
added to the mixtures in higher quantities, the behaviour of the sand-rubber matrix may 
be governed by the rubber, not the sand. This is evident when comparing ea and e of S 

and SA with 50% rubber. The eo and e for S and SA with 50% rubber were 0.676 and 
0.779; 0.669 and 0.623, respectively. It can be seen that the initial void ratio of S was 
lower than that of SA. However, after the consolidation the void ratio of SA was lower 

than that of S, verifying the initial assumption of highly elastic properties of the rubber. 

For SB (Table 6.3) it was observed that the ranges of applied gcyc for varied 

mixtures had a similar pattern to those of SA; that is, they gradually decreased for the 

mixtures having rubber contents of 5,10, and 20%, and gradually increased for the 

mixtures having rubber contents of 30,40, and 50%. Moreover, the comparison 

between N at iu/a'3c = 1.0 and N at 5% sa, DA as well as the difference between the 

initial void ratio and the consolidated void ratio were found to have the same trend as of 

SA. 
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For SC (Table 6.4) the decrease and increase of the ranges of applied qcyc was 

observed to be similar to those of both mixtures SA and SB. In addition, the conditions 

at which the specimens liquefied and the difference of initial void ratio and consolidated 

void ratio were also found to be comparable with both SA and SB. 

Those findings for SA and SB were also similar to the results for SD (Table 6.5), 

including the change of the ranges of applied qcyc, the difference between e and e0, and 

the comparison of liquefaction failure conditions. The distinction, however, was that it 

was only for the 50: 50 mixtures that the condition at which Au/(5'3c = 1.0 was not met; 

for the rest both conditions of Eu/ß'3c = 1.0 and Ca, DA = 5% were met. 

Table 6.1 Summary of cyclic triaxial tests for pure sand, S 

Sand: Rubber 
TestNo. 

Ratio 
B 

value 
ea e 

qcyc 
(kPa) 

CSR 
Nat 

E U/G'3c1 

Nat 

5% ea, DA 

100: 0 100S430 0.98 0.672 0.665 43.0 0.215 2 3 

1005370 0.97 0.679 0.673 37.0 0.185 4 5 

100S320 0.97 0.680 0.674 32.0 0.160 31 31 

100S290 0.97 0.671 0.664 29.0 0.145 98 98 

100S250 0.97 0.676 0.670 25.0 0.125 204 204 

Average 0.676 0.669 
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Table 6.2 Summary of cyclic triaxial tests for sand mixed with CT0515 tyre chips, SA 

Sand: Rubber 
Ratio 

Test No. 
B 

value 
eo e 

9 ̀ y` 
(kpa) 

CSR 
N at 

Au/6'3cý1 
N at 

5% sw. DA 

95: 5 95S5A365 0.97 0.689 0.680 36.5 0.183 3 3 

95S5A296 0.99 0.688 0.681 29.6 0.148 20 22 

95S5A240 0.99 0.694 0.684 24.0 0.120 50 51 

95S5A225 0.98 0.686 0.676 22.5 0.113 61 61 - 

95S5A205 0.97 0.686 0.676 20.5 0.103 130 133 

Awrage 0.689 0.679 

90: 10 90S10A285 1.00 0.689 0.676 28.5 0.143 8 8 

90S10A220 0.97 0.685 0.672 22.0 0.110 18 19 

90S 10A 185 0.98 0.693 0.680 18.5 0.093 58 57 

90S10A165 1.00 0.696 0.682 16.5 0.083 124 121 

Average 0.691 0.678 

80: 20 80S20A280 1.00 0.705 0.677 28.0 0.140 10 7 

80S20A230 0.99 0.712 0.682 23.0 0.115 NA* 17 

80S20A 195 0.99 0.718 0.687 19.5 0.098 44 39 

80S20A 160 0.99 0.716 0.689 16.0 0.080 140 136 

Average 0.713 0.684 

70: 30 70S30A350 1.00 0.747 0.682 35.0 0.175 NA* 8 

70S30A270 1.00 0.755 0.693 27.0 0.135 NA* 22 

70S30A245 0.99 0.758 0.688 24.5 0.123 NA* 57 

70S30A230 1.00 0.745 0.679 23.0 0.115 NA* 100 

Average 0.751 0.686 

60: 40 60S40A420 1.00 0.758 0.654 42.0 0.210 NA* 4 

60S40A370 1.00 0.755 0.653 37.0 0.185 NA* 14 

60S40A340 1.00 0.750 0.669 34.0 0.170 53 34 

60S40A310 0.99 0.762 0.649 31.0 0.155 57 57 

Average 0.756 0.656 

50: 50 50S50A515 0.99 0.786 0.630 51.5 0.258 NA* 4 

50S50A465 0.99 0.783 0.632 46.5 0.233 NA* 10 

50S50A420 1.00 0.780 0.626 42.0 0.210 NA* 29 

50S50A370 1.00 0.767 0.604 37.0 0.185 NA* 116 

Average 0.779 0.623 
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Table 6.3 Summary of cyclic triaxial tests for sand mixed with CT1030 tyre chips, SB 

Sand. Rubber 
Ratio 

Test No. 
B 

value 
Co e 

gcyc 
(kPa) 

CSR 
Nat 

Au/ß'3 1 

N at 
5% Ea, DA 

95 :5 95S5B270 0.98 0.678 0.670 27.0 0.135 8 8 

95S5B245 0.99 0.682 0.674 24.5 0.123 37 37 

95S5B225 0.98 0.684 0.675 22.5 0.113 50 51 

95S5B210 0.97 0.683 0.674 21.0 0.105 69 70 

Average 0.682 0.673 

90: 10 90S10B260 0.98 0.669 0.656 26.0 0.130 10 10 

90S10B235 0.98 0.677 0.665 23.5 0.118 29 30 

90S10B213 0.98 0.676 0.664 21.3 0.107 52 54 

90S10B190 0.98 0.670 0.659 19.0 0.095 77 77 

Awrage 0.673 0.661 

80: 20 80S20B256 0.99 0.666 0.647 25.6 0.128 14 13 

80S20B217 0.99 0.663 0.641 21.7 0.109 26 25 

80S20B195 0.98 0.672 0.651 19.5 0.098 57 57 

80S20B170 0.99 0.665 0.644 17.0 0.085 114 112 

Average 0.667 0.646 

70: 30 70S30B340 0.99 0.644 0.605 34.0 0.170 NA* 8 

70S30B300 1.00 0.650 0.611 30.0 0.150 NA* 13 

70S30B260 0.99 0.642 0.602 26.0 0.130 39 33 

70S30B200 0.99 0.656 0.614 20.0 0.100 136 134 

Average 0.648 0.608 

60: 40 60S40B550 0.99 0.642 0.580 55.0 0.275 NA* 4 

60S40B435 1.00 0.641 0.576 43.5 0.218 NA* 16 

60S40B350 0.99 0.600 0.536 35.0 0.175 104 71 

60S40B310 1.00 0.636 0.592 31.0 0.155 153 115 

Average 0.630 0.571 

50: 50 50S50B540 0.99 0.660 0.557 54.0 0.270 NA* 6 

50S50B455 1.00 0.651 0.541 45.5 0.228 NA* 15 

50S50B445 1.00 0.627 0.511 44.5 0.223 NA* 37 

5055013405 1.00 0.654 0.539 40.5 0.203 NA* 37 

50S50B350 0.99 0.644 0.545 35.0 0.175 NA* 88 

Average 0.647 0.539 
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Table 6.4 Summary of cyclic triaxial tests for sand mixed with CT2060 tyre chips, SC 

Sand: Rubber 
Ratio 

Test No. 
B 

value 
eo e 

9`y` 
(kPa) 

CSR 
Nat 

Au/Q'3c1 
Nat 

5% Ca, DA 

95: 5 95S5C380 0.99 0.657 0.650 38.0 0.190 4 4 

95S5C360 1.00 0.653 0.646 36.0 0.180 11 11 

95S5C300 0.99 0.661 0.653 30.0 0.150 15 15 

95S5C250 1.00 0.654 0.646 25.0 0.125 85 87 

95S5C230 1.00 0.666 0.658 23.0 0.115 266 268 

Artrage 0.658 0.651 

90: 10 90S 10C365 0.99 0.625 0.616 36.5 0.183 2 3 

90S10C310 0.99 0.632 0.624 31.0 0.155 10 11 

90S 10C260 0.99 0.623 0.615 26.0 0.130 36 36 

90S10C210 0.99 0.630 0.622 21.0 0.105 212 214 

Average 0.628 0.619 

80: 20 80S20C320 0.99 0.591 0.579 32.0 0.160 5 5 

80S20C300 0.99 0.589 0.576 30.0 0.150 8 7 

80S20C250 1.00 0.595 0.583 25.0 0.125 16 16 

80S2OC230 0.99 0.593 0.581 23.0 0.115 38 38 

80S2OC212 1.00 0.587 0.573 21.2 0.106 71 72 

Average 0.591 0.578 

70: 30 70S30C430 1.00 0.553 0.529 43.0 0.215 NA* 9 

70S30C350 1.00 0.553 0.525 35.0 0.175 27 21 

70S3OC320 1.00 0.552 0.524 32.0 0.160 41 35 

70S30C280 0.99 0.549 0.522 28.0 0.140 98 95 

Average 0.552 0.525 

60: 40 60S40C550 1.00 0.511 0.471 55.0 0.275 NA* 6 

60S40C440 1.00 0.515 0.474 44.0 0.220 28 15 

60S40C370 1.00 0.504 0.468 37.0 0.185 37 25 

60S40000 1.00 0.511 0.473 30.0 0.150 166 143 

Average 0.510 0.472 

50: 50 50S5OC560 0.99 0.521 0.467 56.0 0.280 NA* 7 

50S5OC495 1.00 0.524 0.464 49.5 0.248 NA* 13 

50S5OC430 0.99 0.525 0.470 43.0 0.215 NA* 26 

50S50C345 0.99 0.530 0.471 34.5 0.173 NA* 82 

Average 0.525 0.468 
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Table 6.5 Summary of cyclic triaxial tests for sand mixed with CT4010 tyre chips, SD 

Sand: Rubber Test No. 
B 

eo e 
q`y` CSR 

Nat Nat" 

Ratio value (kPa) Au/a'sc 1 5% Cann 

95: 5 95S5D350 0.99 0.652 0.645 35.0 0.175 9 9 

95S5D325 1.00 0.657 0.650 32.5 0.163 14 15 

95S5D280 0.99 0.658 0.651 28.0 0.140 55 56 

95S5D240 1.00 0.661 0.654 24.0 0.120 193 194 

Average 0.657 0.650 

90: 10 90S10D360 0.99 0.632 0.623 36.0 0.180 2 3 

90S 10D305 1.00 0.616 0.608 30.5 0.153 22 23 

90S10D270 0.99 0.626 0.618 27.0 0.135 42 43 

90S10D225 1.00 0.629 0.622 22.5 0.113 147 148 

Average 0.626 0.618 

80: 20 80S2OD322 1.00 0.583 0.571 32.2 0.161 4 4 

80S2OD240 1.00 0.580 0.569 24.0 0.120 27 27 

80S2OD220 1.00 0.582 0.571 22.0 0.110 64 65 

80S20D205 0.99 0.585 0.574 20.5 0.103 270 271 

Average 0.583 0.571 

70: 30 70S30D420 0.99 0.525 0.509 42.0 0.210 5 5 

70S3OD330 0.98 0.522 0.509 33.0 0.165 19 17 

70S3OD300 0.99 0.522 0.509 30.0 0.150 21 21 

70S30D250 0.99 0.515 0.501 25.0 0.125 36 34 

70S30D210 0.99 0.528 0.514 21.0 0.105 80 79 

Average 0.522 0.508 

60: 40 60S4OD555 0.98 0.492 0.461 55.5 0.278 4 3 

60S4OD445 1.00 0.489 0.461 44.5 0.223 14 7 

60S4OD340 1.00 0.489 0.459 34.0 0.170 38 33 

60S4OD305 1.00 0.495 0.464 30.5 0.153 79 64 

Average 0.491 0.461 

50: 50 50S50D550 0.99 0.429 0.396 55.0 0.275 NA* 11 

50S50D400 1.00 0.444 0.414 40.0 0.200 NA* 26 

50S50D365 1.00 0.452 0.419 36.5 0.183 NA* 30 

50S5OD300 0.98 0.443 0.408 30.0 0.150 NA* 78 

Average 0.442 0.409 
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The undrained cyclic triaxial test results for S, pure sand, are shown in Figures 

6.1 - 6.5, for each qcyc of 25,29,32,37, and 43kPa , respectively. For sand mixed with 

tyre chips - SA, SB, SC, and SD - having sand to rubber ratios of 95: 5,90: 10,80: 20, 

70: 30,60: 40, and 50: 50, only the test results that had gcyc similar to those tested with 

pure sand were selected and plotted in order that the liquefaction characteristics could 
be compared with those of pure sand. The rest of the cyclic triaxial test results, however, 

can be found in the CD-ROM attached. The selected results for SA mixtures having 

sand to rubber ratios of 95: 5,90: 10,80: 20,70: 30,60: 40, and 50: 50 are illustrated in 

Figures 6.6,6.7,6.8,6.9,6.10, and 6.11, respectively. Figures 6.12 - 6.17, Figures 6.18 

- 6.23, and Figures 6.24 - 6.29 illustrate the selected results for the mixtures SB, SC, 

and SD, respectively. 

For pure sand S, regardless of the level of applied cyclic deviator stresses, before 

the liquefaction occurred, the axial strain remained approximately zero (Figures 6.1(b) - 
6.5(b)) suggesting that during this period of cyclic loading the sand particles were 

almost completely interlocked. When the pore water pressure ratio reached 

approximately 0.6 for qcyc of 25,29, and 32kPa; and 0.4 for qcyc of 37 and 43kPa, 

however, the onset of liquefaction occurred after just a few more cycles of loading 

(Figures 6.1(c) - 6.5(c)). At this stage, the sand particles had lost contact with each 

other because the excess pore water pressure was approximately equal to the initial 

effective stress. When this happened, the soil behaved like a viscous fluid, as evident in 

the large strain generated (Figures 6.1(b) - 6.5(b)). In addition, as the pore water 

pressure ratio approached 0.6, an abrupt increase of axial strain was also observed. The 

correspondence of the axial strain and the pore water pressure ratio can be observed 

when considering Figures 6.1(b) and (c) - Figures 6.5(b) and (c), all together. 

Furthermore, it was observed that during cyclic loading the specimens strained 

largely in extension. At larger cycles when the pore water pressure ratio Du/ß'3c 

approached 1.0, compressive strains were then observed, but much smaller than the 

extension strains. As a result, the specimens always failed in extension suggesting 

perhaps that some anisotropy was produced during sample preparation 
(Promputthangkoon and Hyde, 2008a). Moreover, the anisotropy is apparent when 

considering Figures 6.1(e) - 6.5(e), as the angle of the stress path in compression during 

the liquefaction is slightly higher than that in extension. The stress-strain relationships 
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(Figures 6.1(d) - 6.5(d)) of all qcyc showed a sharp increase in deviator stress on the 

compression side at constant peak strain. This suggests that the tested sand has 

somewhat brittle behaviour. 

For SA having sand to rubber ratios of 95: 5,90: 10,80: 20, and 70: 30; the 

specimens tested with qcyc of 29.6kPa (Figure 6.6), 28.5kPa (Figure 6.7), 28kPa (Figure 

6.8), and 27kPa (Figure 6.9), respectively, were chosen to compare their cyclic 
behaviour with pure sand tested with similar qcyc of 29kPa (Figures 6.1). It was found 

that the onset of liquefaction for 95: 5,90: 10,80: 20, and 70: 30 mixtures occurred at 22, 

8,7, and 22 cycles (Table 6.2), respectively, compared to 98 cycles (Table 6.1) for pure 

sand tested with a similar qcyc. It is apparent that the resistance to liquefaction of these 

particular mixtures is much lower than that of pure sand. 

For SA having sand to rubber ratios of 60: 40, and 50: 50, both specimens tested 

with qcycof 37kPa (Figure 6.10 and Figure 6.11, respectively) were chosen to be 

compared with pure sand tested with the same qcyc. The mixtures 60: 40 and 50: 50 

liquefied at 14 and 116 cycles (Table 6.2), respectively, compared to pure sand that 

liquefied after only 5 cycles (Table 6.1). It can be seen that when the rubber content was 

increased to 40% and higher, the resistance to liquefaction was much improved. 

Another point that should be noted is the different stress-strain behaviour for S and SA. 

As mentioned before the stress-strain behaviour of pure sand was quite brittle; however, 

when the rubber was added a ductile response was observed (Figures 6.6(d) - 6.11(d)). 

These characteristics are even more obvious when considering the stress-strain curves 
for the mixtures 60: 40 and 50: 50 (Figure 6.10(d) and Figure 6.11(d), respectively. 

As mentioned before, for pure sand, the strain in compression was much lower 

than that in extension. When considering SA, however, it was found that the difference 

between the two strains was smaller, compared to pure sand. This is obvious when 

comparing the axial strains of SA having 50% rubber (Figure 6.11(b)) for which the 

strains in compression and extension were almost the same at larger cycles indicating 

the effect of the rubber in the sand-rubber matrix. 

For SB having sand to rubber ratios of 95: 5,90: 10,80: 20, and 70: 30; the 

specimens tested with qcyc of 24.5kPa (Figure 6.12), 26kPa (Figure 6.13), 25.6kPa 

(Figure 6.14), and 26kPa (Figure 6.15), respectively, were chosen to compare the cyclic 
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behaviour with pure sand tested with similar qcyc of 25kPa (Figure 6.1). The number of 

cycles at which these specimens liquefied were 37,10,13, and 33, respectively (Table 

6.3), compared to 204 cycles (Table 6.1) for pure sand. This comparison shows that SB 

specimens having rubber contents of 5,10,20, and 30% are much worse than pure sand 
in terms of liquefaction resistance. 

For SB containing tyre chips- percentage of 40 and 50%, the specimens tested 

with qcyc of 43.5kPa (Figures 6.16) and 44.5kPa (Figures 6.17) were chosen to be 

compared with pure sand tested with similar qcyc of 43kPa (Figures 6.5). At 40 and 50%, 

the specimens liquefied after 16 and 37 cycles, compared to just 3 cycles for pure sand, 

showing a marked increase in the liquefaction resistance for both mixtures. The stress- 

strain curves (Figure 4.16(d) and Figure 4.17(d)) also exhibited ductile behaviour 

similar to that observed in SA. 

The axial strain behaviour of SB, however, was not quite to the same as that of 

SA. When SB contained 40% rubber, it was observed that the axial strains in 

compression and extension were very similar, which was also observed in SA but with 

50% rubber. However, when rubber of up to 50% was added, the strain in compression 

was instead much higher than in extension (Figure 6.17(b)). 

For SC, the specimens having sand to rubber ratios of 95: 5,90: 10,80: 20, and 
70: 30 (Figures 6.18 - 6.21), and tested with gcyc of 30,31,32, and 32kPa, respectively, 

were chosen to be compared with pure sand tested with gcyc of 32kPa (Figure 6.3). The 

number of cycles at which the aforementioned mixtures liquefied were 15,11,5, and 35 

cycles, respectively (Table 6.4), compared to 31 cycles for pure sand (Table 6.1). In 

contrast to SA and SB, it can be seen that for SC with 30% rubber the liquefaction 

resistance is now slightly higher than that of pure sand. 

For the mixtures SC containing 40 and 50% of rubber, the specimens tested with 

qcyc of 44kPa (Figures 6.22) and 43kPa (Figures 6.23) were chosen to be compared with 

pure sand tested with similar qcyc of 43kPa (Figures 6.5). The onset of liquefaction was 

observed after 15 and 36 cycles of loading corresponding to the mixtures 60: 40 and 

50: 50, respectively. These results when compared to those of pure sand that liquefied 

after just 3 cycles indicate a great improvement in terms of the resistance to 

liquefaction. 
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For the last series, SD, the specimens having sand to rubber ratios of 95: 5, 

90: 10,80: 20, and 70: 30; and tested with gcyc of 24kPa (Figure 6.24), 27kPa (Figure 

6.25), 24kPa (Figure 6.26), and 25kPa (Figure 6.27), respectively, were chosen to be 

compared with pure sand tested with similar gcyc of 25kPa (Figure 6.4). The onset of 
liquefaction for the above ratios occurred after 194,43,27, and 34 cycles, as shown by 

Table 6.5. All of these were lower than that of pure sand which the liquefaction 

occurred after 204 cycles (Table 6.1), indicating lower liquefaction resistance. 

For SD having sand to rubber ratios of 60: 40 and 50: 50, the specimens tested 

with qcyc of 44.5kPa (Figure 6.28) and 40kPa (Figure 6.29), respectively, were chosen to 

be compared with pure sand tested with similar qcyc of 43kPa (Figure 6.5). This time, as 

seen in Table 6.5, the mixtures liquefied at 7 and 26 cycles, compared to 3 cycles for the 

case of pure sand specimen (Table 6.1), indicating an as well increase in liquefaction 

resistance. 

From the test results reported and discussed, it can be concluded that for all 

mixtures of SA, SB, SC, and SD, the specimens having sand to rubber ratios of 95: 5, 

90: 10,80: 20, had lower liquefaction resistance than that of pure sand tested with similar 

qcyc. When the rubber content was increased to 30%, only SC had a liquefaction 

resistance higher than that of pure sand; the rest had lower liquefaction resistance. 
However, when the rubber content was increased to 40% and higher, the liquefaction 

resistance of all mixtures was greater than that of pure sand, compared at the same 

applied qcyc. 
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Figure 6.28 Cyclic triaxial test results for SD with 40% rubber, gcyc = 44.5 kPa 
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207 



Chapter 6 Undrained Cyclic Triaxial Tests 

6.2.2 Cyclic Strength 

The cyclic strength (Ishihara, 1993) is defined as the magnitude of the CSR required to 

produce 5% of either double amplitude axial strain sa, DA in case of stress reversal or 5% 

of axial plastic strain ea, p in case of no stress reversal after 20 cycles of uniform cyclic 
load application (Promputthangkoon and Hyde, 2008a). Note that in North America the 

cyclic strength is often derived from the CSR at N= 15 cycles. Also, it should be noted 

that the terms cyclic strength, liquefaction strength, and liquefaction resistance, are in 

fact the same, and can be used interchangeably. 

In order to be able to plot the cyclic strength curve and obtain the cyclic 

strength, each specimen was tested with at least four different cyclic deviator stresses. 

The cyclic deviator stress levels were chosen such that the liquefaction occurred over a 

range of approximately 5- 200 cycles, i. e., 3,15,55, and 181 cycles. The cyclic 

strength then was obtained by projecting the CSR at N= 20 cycles, as illustrated by 

Figure 6.30, which presents a typical cyclic strength curve as well as the cyclic strength. 

O 

w 0., 
N 
Cl, 
N 
L 

10 0.2 

v 0.1 

Figure 6.30 Determination of cyclic strength 

The cyclic strength curves were drawn using the test results previously shown in 

Tables 6.1 - 6.5. They illustrate the relationship between the cyclic stress ratio and the 

number of load cycles at which the specimens deformed axially to 5%. The cyclic 

strength curves for the mixtures SA, SB, SC, and SD, are plotted and illustrated by 

Figure 6.31, Figure 6.32, Figure 6.33, and Figure 6.34, respectively. The cyclic 
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strengths obtained from Figures 6.31 - 6.34 are shown in Table 6.6 which presents the 

summaries of the cyclic strength for SA, SB, SC, and SD. The variation of the cyclic 

strength in relation to the rubber contents of all mixtures was plotted and is shown in 

Figure 6.35. 

The cyclic strength of Leighton Buzzard 16/30 sand used in this research was 
0.167 (see Table 6.6). This is comparable to 0.140 for Soma sand having a void ratio of 
0.863 (Hyodo et al., 2008), and 0.150 for standard Toyoura sand with 70% relative 
density (Hyodo et al., 1998), which is the same as for Masado sand having 60% relative 

density investigated by Hyodo et al. (1998). 
_ 

When considering Figure 6.31 illustrating the cyclic strength curves for SA, it 

was striking to find out that all had almost the same gradient, regardless of the amount 

of rubber added. The curve for 95: 5 mixtures was observed to be noticeably lower than 

that of pure sand, indicating lower liquefaction resistance. When the rubber was 
increased to 10 and 20%, the curves were observed to be even lower than the curve for 

95: 5 mixtures. At 20% rubber, however, the curve was the lowest, indicating the worst 

liquefaction resistance. Note that the curves for 10 and 20% rubber were surprisingly 

almost identical, implying that they had the same liquefaction resistance despite having 

different amount of rubber content. 

When the rubber was increased up to 30%, the cyclic strength curve then began 

to change direction by moving upwards, but was still below the curve for pure sand. The 

cyclic strength curve was higher than that of pure sand only after the rubber content was 
increased to 40%, but still not significant. When the rubber was increased to 50%, 

however, the cyclic strength was markedly higher than that of pure sand. 

For SB containing 5,10, and 20% rubber, it was observed that the curves were 

almost the same; nonetheless, they were much lower than that for pure sand. Comparing 

these three mixtures, the order of the liquefaction resistance from low to high is: 20,. l 0, 

and 5% (see Figure 6.32), which is the same as found for SA. It was also observed that 

all three curves had a similar gradient to that of pure sand. 

For SB having 30,40, and 50% rubber contents, the gradients of the cyclic 

strength curves were observed to be slightly steeper than that of pure sand. The 

liquefaction resistance for SB having 30% rubber was almost the same as for SA having 
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the same rubber content. However, when the rubber was increased to 40 and 50%, the 

cyclic strength curves were very similar, and much higher than that of pure sand. This is 

different from SA where with 40% rubber the curve was just slightly higher than the 

pure sand curve; it was much higher only when the rubber was increased to 50%. 

For SC (Figure 6.33) it was observed that the pattern of cyclic strength curves 

was quite similar to that of SB. However, there was one difference as the cyclic strength 

curve was higher than that of pure sand when the rubber was increased to just 30%; 

whereas for SA and SB having the same rubber content, the curves were still lower than 

that of pure sand. These findings for SC were found to be similar for the cyclic strength 

curves for SD as well (Figure 6.34). However, for SD, only the mixtures 60: 40 and 

50: 50 curves were higher than that of pure sand. 

Considering Figure 6.35, it can be seen that all mixtures - SA, SB, SC, and SD - 
had a similar trend. The cyclic strengths for SA, SB, SC, and SD having 5% rubber 

content are lower than that of pure sand. It continues to drop until the rubber content 

reaches 20%, which is the lowest point. However, when the rubber content is increased 

to 30%, the cyclic strength begins to increase. Then, the increasing trend for the cyclic 

strength continues almost linearly towards the end (50% rubber). 

Surprisingly, it was found for all groups of mixtures having a rubber content of 

20% the cyclic strength was the lowest despite the fact that the densities were not the 

same. Another point that should be stressed is that groups SA, SB, and SD exhibit 

greater cyclic strength than that of pure sand only after the rubber was increased to 40% 

and higher. For SC, however, the cyclic strength was observed to be higher than that of 

pure sand when the rubber was increased to 30% and higher. Furthermore, it was 

observed that at 50% rubber content the cyclic strength of all groups is very similar. 

This suggests that for the mixtures having 50% rubber, the liquefaction characteristics 

were dominated by the rubber, the sand acted only as a fill in the inter-granular voids of 

the rubber. 

From the cyclic strength curves illustrated by Figures 6.31 - 6.34, we could 

predict the CSR at any cycle as well as the cyclic strength by the power equation, as 

shown below: 
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CSR=Qmm= ° 
2o'3C Nb 

(Eq. 6.1) 

Where factors a and b are the factors that control the position and slope, 

respectively, of the CSR curve, and are summarised in Table 6.7. 
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Table 6.6 Cyclic strength of pure sand and sand mixed with tyre chips 

Group Mixture Sand : Rubber Cyclic Strength 
Ratio 

S Pure Sand 100: 0 0.167 

SA Sand + CT0515 95 :5 0.139 

90: 10 0.115 

80: 20 0.113 

70: 30 0.145 

60: 40 0.177 

5050 0.219 

SB " Sand + CT1030 955 0.124 

90: 10 0.120 

80: 20 0.116 

70: 30 0.142 

60: 40 0.211 

50: 50 0.225 

Sc Sand + CT2060 95 :5 0.167 

90: 10 0.142 

80: 20 0.127 

70: 30 0.181 

60: 40 0.208 

5050 0.227 

SD Sand + CT4010 955 0.158 

90: 10 0.147 

80: 20 0.130 

70: 30 0.150 

60: 40 0.188 

50 : 50 0.220 
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Table 6.7 Factors a and b for predicting the CSR 

Group Mixture 
Sand : Rubber factor factor 

Ratio ab 

S Pure Sand 100: 0 0.23 0.11 

SA Sand + CT0515 95 :5 0.16 0.22 

90: 10 0.21 0.20 

80: 20 0.20 0.19 

70: 30 0.24 0.16 

60: 40 0.25 0.11 

5050 0.29 0.10 

SB Sand + CT1030 955 0.17 0.11 

90: 10 0.19 0.14 

8020 0.20 0.18 

7030 0.25 0.18 

60: 40 0.35 0.17 

5050 0.35 0.15 

Sc Sand + CT2060 95 :5 0.23 0.13 

90: 10 0.21 0.13 

80: 20 0.20 0.15 

70: 30 0.31 0.18 

60: 40 0.37 0.19 

5050 0.23 0.11 

SD Sand + CT4010 95 :5 0.23 0.12 

90: 10 0.21 0.12 

80: 20 0.18 0.11 

7030 0.33 0.26 

6040 0.33 0.19 

50 : 50 0.56 0.31 
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Figure 6.35 Cyclic strength versus rubber content 

It can be seen that the cyclic strengths with various rubber contents for SA, SB, 

SC, and SD shown in Figure 6.35 have a similar parabolic form. Hence, the cyclic 

strength data was fitted to second order polynomial equations to determine the cyclic 

strength at any rubber content. This was done by defining cyclic strength for pure sand, 

i. e., the intercept on the cyclic strength axis, as 0.167. Then, a second order polynomial 

equation was employed to draw the cyclic strength curves using the data points from 

Figure 6.35. The smooth cyclic strength curves are illustrated by Figure 6.36, and the 

equations are shown below: 

CSR20 = 0.0001(RC)2 - 0.0048(RC) + 0.167 (for SA) (Eq. 6.2) 

CSR20 = 0.0001(RC)2 - 0.0047(RC) + 0.167 (for SB) (Eq. 6.3) 

CSR20 = 0.00007(RC)Z - 0.0023(RC) + 0.167 (for SC) (Eq. 6.4) 

CSR20 = 0.00009(RC)2 - 0.0031(RC) + 0.167 (for SD) (Eq. 6.5) 

where: 

CSR20 = cyclic strength (derived from CSR at 20 cycles), and 

RC = rubber content in per cent. 
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Figure 6.36 Calculated cyclic strength versus rubber content 

It is apparent that, from cyclic strength curves shown in Figure 6.36, the cyclic 

strength gradually decreases as the rubber content increases from 0 to approximately 

20%; after which it gradually increases. This indicates that when the mixtures contained 

around 20% of rubber the cyclic characteristics were transitional. This may be explained 

by considering the void ratio of the sand and rubber fractions separately. 

The void ratios for the mixtures were further analysed, and are shown in Table 

6.8. The inter-rubber void ratio er was defined as the ratio of the voids V,, (including the 

sand) to the solid volume of rubber. Likewise, the inter-sand void ratio es is the ratio of 

the voids Vv (including the rubber) to the solid volume of sand. Each void ratio was 

plotted, and they are illustrated in Figure 6.37. 

For e, it can be seen that the change in void ratio is approximately linear 

indicating that they may be further normalised in terms of the equation y=a+ bX. On 

the other hand, the e, curves are highly non-linear. However, no matter what size of tyre 

chip, at the same sand to rubber ratios the inter-rubber void ratios were surprisingly 

found to be very similar. As such, they could be represented by just one curve. The 

linearised curves for e, and the power curve representing er for all sizes of tyre chips are 

illustrated by Figure 6.38. The equations representing the changes of inter-rubber void 

ratios and inter-sand void ratios are shown below: 

e, =4.416-1.11451t1(RC) (Eq. 6.6) 
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es = 1.8124 - 0.0118(RC) for SA (Eq. 6.7) 

es = 1.4447- 0.0079(RC) for SB (Eq. 6.8) 

es = 1.1270 - 0.0049(RC) for SC (Eq. 6.9) 

es = 0.9481 - 0.0029(RC) for SD (Eq. 6.10) 

It can be seen that Eq. 6.7 to Eq. 6.10 can be rewritten as a general linear 

equation, as shown below: 

es =a+ b(RC) (Eq. 6.11) 

Moreover, for es, it was observed that the bigger the size of rubber the smaller 
the slope indicating that the size of rubber highly influenced the inter-sand void ratio of 

sand-rubber mixtures. This is evident when considering the gradual changes of the 

factors forming Eq. 6.7 to Eq. 6.10. Thus, the factors a and b were plotted against the 

particle size ratio to determine the relationship, and are illustrated by Figure 6.39. Next, 

the equations 'for the factors a and b were obtained, as shown below: 

a=2.018 - 0.4637 in (Dr) (Eq. 6.12) 

b=0.0047 In (L) 
- 0.0139 (Eq. 6.13) Dsý 

Then, substituting the factors a and b, and Eq. 6.11 became: 

es = 
[2.018 

- 0.4637 In (D. )] 
+ 

[0.0047 In (os) 
- 0.0139] RC (Eq. 6.14) 

From these results and analyses, it may be concluded that the cyclic strength of 

the sand mixed with rubber having a bigger size is higher than the mixtures containing a 

smaller size of rubber. Furthermore, the cyclic characteristics were transitional for 

mixtures containing rubber of around 20%. This can be seen when considering the 

changes of e1 between 10 and 30%. For instance, when the mixtures contained rubber 

contents from 5 to 10% (see e, curve in Figure 6.38), e, decreased sharply. Then, when 

the rubber was increased from 10 to 30%, the rate of the decrease decreased. 

Subsequently, when the mixtures contained rubber higher than 30%, the rate of the 

decrease was approximately constant. 
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Table 6.8 Inter-rubber void ratios and inter-sand void ratios 

Group 
Sand: Rubber 

Ratio 

Solid Vol. 

ofSand 
(cu. cm) 

Solid Vol. 

of Rubber 
(cu. cm) 

V, 
(cu. cm) 

V. 
(cu. cm) 

e e, er 

SA 95: 5 867 46 913 620 0.679 0.715 13.588 

90: 10 818 91 909 616 0.678 0.753 6.775 

80: 20 703 176 879 601 0.684 0.855 3.419 

70: 30 589 252 842 577 0.686 0.979 2.285 

60: 40 488 325 813 534 0.656 1.094 1.641 

50: 50 399 399 798 497 0.623 1.246 1.246 

SB 95: 5 867 46 913 615 0.673 0.709 13.465 

90: 10 822 91 913 603 0.661 0.734 6.610 

80: 20 730 183 913 590 0.646 0.807 3.229 

70: 30 635 272 908 552 0.608 0.869 2.027 

60: 40 541 361 902 515 0.571 0.952 1.428 

50: 50 429 429 857 462 0.539 1.077 1.077 

Sc 95: 5 880 46 926 602 0.651 0.685 13.012 

90: 10 850 94 944 585 0.619 0.688 6.193 

80: 20 769 192 961 556 0.578 0.723 2.892 

70: 30 683 293 976 512 0.525 0.750 1.750 

60: 40 595 396 991 467 0.472 0.786 1.179 

50: 50 494 494 989 463 0.468 0.936 0.936 

SD 95: 5 882 46 929 604 0.650 0.684 13.000 

90: 10 851 95 946 584 0.618 0.686 6.178 

80: 20 774 193 967 553 0.571 0.714 2.856 

70: 30 700 300 1000 508 0.508 0.726 1.695 

60: 40 609 406 1016 468 0.461 0.769 1.153 

50: 50 528 528 1056 432- 0.409 0.819 0.819 
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6.2.3 Pore Water Pressure Behaviour 

The pore water pressure behaviour generated by seismic loading is of considerable 
interest in soil liquefaction and geotechnical earthquake engineering studies. Observing 

the rate of increase of pore water pressure against the number of load cycles or time 

could predict the occurrence of soil liquefaction as well as its consequences. Generally, 

the pore water pressure behaviour in undrained cyclic triaxial tests is examined by 

plotting the peak pore water pressure ratio Dup/a'3c against the number of load cycles N. 

Basically, the ratio begins at approximately zero (excess pore water pressure = 
0), and then gradually increases as long as the cyclic loading continues, until reaching 

the initial effective stress. The rate of increase depends mainly on soil fabric, density, 

initial stress state, degree of saturation, and nature of cyclic loading. Note that Lup 

denotes the peak pore water pressure obtained from Figure 6.40 by taking the maximum 

positive pore water pressure from each cycle of loading. 
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The behaviour of peak pore water pressure ratio for pure sand S, subjected to 

applied cyclic deviator stresses ranging from 25 to 43kPa is plotted and shown in Figure 

6.41. For sand mixed with CT0515 tyre chips, SA, having sand to rubber ratios of 95: 5, 

90: 10,80: 20,70: 30,60: 40, and 50: 50, the pore water pressure behaviour is illustrated 

by Figure 6.42. Figures 6.43,6.44, and 6.45 illustrate the pore water pressure behaviour 

for the mixtures SB, SC, and SD, respectively. 

For pure sand (Figure 6.41) tested with the smallest gcyc of 25kPa, the pore water 

pressure increased slowly and steadily until it reached a ratio of about' 0.67 after 203 

cycles; then, when subjected to two more cycles of loading, it abruptly liquefied. When 

gcyc was raised to 29kPa, the rate of increase of pore water pressure was noticeably 
higher, compared to gcyc of 25kPa. This time, however, the liquefaction occurred when 

the ratio reached only 0.57 after 95 cycles. 

For the specimen tested with qcyc of 32kPa, the behaviour was quite similar to 

those tested with qcyc of 29kPa, except that the specimen liquefied abruptly when the 

ratio reached 0.50 after just 28 cycles of loading. Comparing all those three specimens 
(tested with 25,29, and 32kPa) it was found that the rate of increase of pore water 

pressure gradually increased with an increase of applied gcyc, as evident in the steeper of 

the plotted curves corresponding to the increase of qcyc. For qcyc of 37 and 43kPa the 
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specimens liquefied after only few cycles of loading; in other words, no gradual 
increase of pore water pressure was observed. 

For the mixtures SA, the pore water pressure behaviour can be divided into two 

groups: group (1) mixtures 95: 5,90: 10, an d 80: 20, and group (2) mixtures 70: 30,60: 40, 

and 50: 50, based on the shape of the pore water pressure ratio along the course of cyclic 
loading. For group (1) the specimens tested at low to moderate cyclic deviator stresses, 

the ratio first increased to approximately 0.2 - 0.3 at about 10 cycles. Then, it increased 

steadily and gradually until the specimen liquefied. However, when the specimens were 

tested with higher cyclic deviator stress the ratio increased very rapidly and liquefied 

only after 3-8 cycles, as illustrated by Figure 6.42((a), (b), and (c)). These results are in 

contrast to the behaviour of group (2). The pore pressure ratio of group (2) first 

increased to approximately 0.4 - 0.5, then it built up slowly and gradually until the 

specimens liquefied (Figure 6.42((d), (e), and (f))). 

Another point that should be noted for group (2) is that during the early cycles of 

loading, the ratio was observed to increase very rapidly, but the rate of increase slowed 

down at larger numbers of cycles. This distinctive behaviour, compared to group (1), is 

apparent when considering Figure 6.42(f), which illustrates the build up of pore water 

pressure for the mixture 50: 50 (Promputthangkoon and Hyde, 2008b). When 

considering the pore water pressure behaviour of SA as a whole, regardless of the level 

of qcyc applied, it was found that the more rubber added the higher the pore water 

pressure ratio at early cycles of loading observed, especially when comparing between 

the mixtures 95: 5 (Figure 6.42(a)) and 50: 50 (Figure 6.42(f)). 

The SB mixtures having sand to rubber ratios of 95: 5 and 90: 10 (Figure 6.43((a) 

and (b))) both exhibited similar pore water pressure behaviour when tested at low to 

moderate cyclic deviator stresses. At the beginning the ratios increased rapidly to 

roughly 0.2 - 0.3, followed by a steady increase until reaching around 0.62. The 

liquefaction failure then occurred after 4-5 cycles for the mixture 95: 5 and after 8- 10 

cycles for the mixture 90: 10. It was also observed that the rate of increase was much 

higher than that of pure sand suggesting that these mixtures could accelerate the 

liquefaction. However, when both 95: 5 and 90: 10 mixtures were tested at the highest 

cyclic deviator stresses, they liquefied after only a few cycles, as pure sand and SA did. 
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When the rubber content was increased to 20%, the specimen with the lowest 

exhibited behaviour similar to that of the 95: 5 and 90: 10 mixtures tested with 

similar gcyc, except that when the ratio reached 0.68 it did not liquefy abruptly. Instead, 

the ratio increased gradually for other 46 cycles, and subsequently liquefied (Figure 

6.43(c)). For the specimen tested with qcyc of 19.5kPa, the behaviour was quite similar 

to that of SB having sand to rubber ratios of 95: 5 and 90: 10 tested at the lowest qcyc. At 

higher gcyc, however, the pore water pressure increased very rapidly till liquefaction 

occurred. 

For SB containing 30% rubber with the lowest gcyc of 20kPa (Figure 6.43(d)) the 

pore water pressure behaviour was similar to that of SB with 20% rubber tested with 

gcyc of 17kPa, while the others exhibited a rapid increase of pore water pressure. When 

the rubber was increased up to 40% (Figure 6.43(e)) and 50% (Figure 6.43(f)), the 

behaviour was similar to that of SA having 50% rubber. Moreover, the sudden increase 

of pore water pressure at the beginning of cyclic loading for SB exhibited a similar 

pattern to SA. 

For SC containing 5 and 10% rubber, the pore water pressure response is 

illustrated by Figures 6.44(a) and (b), respectively. Both mixtures tested with low to 

moderate qcyc exhibited a rapid increase of pore water pressure ratio at early cycles, to 

approximately 0.2. Then, it increased steadily until reaching about 0.6. The period of 

the steady increase of pore water pressure was carried on for around 200 and 150 cycles 

for the specimens having rubber contents of 5 and 10%, respectively. Both mixtures 

then liquefied abruptly after a further 15 cycles of loading. 

For the mixtures with 20% rubber (Figure 6.44(c)) and 30% rubber (Figure 

6.44(d)), the behaviour was somewhat similar to that of SA with sand to rubber ratios of 

95: 5 and 90: 10, respectively. For the specimens having higher percentage of rubber, 40 

and 50% (Figure 6.44(e) and (f)), the behaviour was observed to be the same as of SB 

having 30% rubber and SB having 50% rubber, respectively. 

For SD having rubber content of 5% and 10% (Figure 6.45(a) and (b)), the pore 

water pressure behaviour was similar to that of SC having the same rubber content. For 

SD with 20% rubber, however, the behaviour was quite similar to that of SC with 5% 

rubber. For SD having 30% rubber (Figure 6.45(c)), it was observed that the pore water 
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pressure was equivalent to that of SC having the same rubber content. When the rubber 

was increased higher to 40 and 50% (Figure 6.45(e) and (f)), the pore water pressure 
behaviour appeared to be comparable to that of SC having 50% rubber. 

The pore water pressure behaviour of saturated sand is well understood. Sand 

particles are relatively incompressible and non-crushable under normal pressures 

encountered in civil engineering projects (< 700kPa); thus, when they are subjected to 

cyclic loading under undrained conditions, the stress is transmitted from particle to 

particle directly as well as to the surrounding pore water. This process will 

progressively generate the excess pore water pressure; eventually, it may be equal to the 

initial effective stress. The consequence is that the shear strength is reduced, in the 

worst case, to zero. 

When a small amount of tyre chips was added, the behaviour of the sand mixed 

with tyre chips was still dominated by the sand because its particles still contacted to 

each other, and the rubber acted as fill in the sand-rubber matrix. This resembles the 

cyclic characteristics of compound sand with gravel studied by Evans and Zhou, 1995. 

They suggested that when the amount of gravel in sand-gravel mixture was small, the 

gravel may be considered to float in the sand-gravel matrix. However, when more tyre 

chips were added, the sand particles now no longer form a continuous matrix but are 

contained in the voids between the rubber instead. As the rubber is highly elastic, during 

cyclic loading the sand particles in the mixtures may be embedded into the surrounding 

rubber. As a result, instead of transmitting the stress directly to other sand particles as 

well as the surrounding pore water, some stress may be absorbed by the deformed 

rubber owing to its highly elastic properties, thereby delaying the increase of pore water 

pressure. As strong ground motion occurs over a very short period, if the rubber in sand- 

rubber mixtures could delay the increase of pore water pressure until the earthquake 

stops, liquefaction could also be prevented. 

This phenomenon may also be explained by considering an aspect of mixing two 

materials having different particle size. For example the consolidated void ratio for pure 

sand was 0.669 (see Table 6.1). For SA, SB, SC, and SD having 50% rubber at which 
6 

the cyclic strengths were the greatest, the consolidated void ratios were 0.623 (Table 

6.2), 0.539 (Table 6.3), 0.468 (Table 6.4), and 0.409 (Table 6.5), respectively. It can be 

seen that the void ratios for SA, SB, SC, and SD are much lower than that for pure sand, 
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especially for SC and SD. This is because SC and SD were mixed with much larger size 

rubber particles, compared to the size of sand; that is, mean particle size D50 for sand = 

0.7mm, while D50 for SC and SD =4 and 8mm, respectively. This suggests that the 

sand, in the sand-rubber matrix with 50: 50 mixes, acted as a fill in the inter-particle 

voids of rubber. As a result, the liquefaction characteristics were predominantly 

governed by the rubber. 

The effects of the rubber on the pore water pressure behaviour of sand-tyre chips 

mixtures were also reported by Hyodo et al., 2008. They concluded that the tyre chips 

could control the build up of excess pore water pressure, particularly when the sand 

fraction was low. 

As soil liquefaction may also be triggered by other means of loading such as pile 

driving, constant ocean waves, and even static loads due to sloping ground. Based on 

the test results, we shall know that a soil will liquefy when the excess pore water 

pressure is increased to a certain level. In practice, we therefore can prevent the soil to 

liquefy by installing an instrument to monitor the pore water pressure during 

construction activities. As long as the pore water pressure is still quite below the level 

that might trigger the onset of the liquefaction, we may continue the activity. Otherwise, 

other measures are needed. 

When closely considering the pore water pressure behaviour shown in Figures 

6.41 - 6.45, it was found that the behaviour for the same mixture, even though subjected 

to different cyclic deviator stress, had a similar trend. Therefore, it was interesting to 

normalise the pore water pressure behaviour for further analysis. This was done, for 

each mixture, by normalising the number of load cycles (N) by the number of cycles at 

which the double amplitude axial strain was reached 5% (Nf). 

The normalised pore water pressure curve for pure sand S is illustrated by Figure 

6.46. For SA, SB, SC, and SD, the normalised curves are illustrated by Figure 6.47, 

Figure 6.48, Figure 6.49, and Figure 6.50, respectively. Accordingly, the formula for 

predicting the pore water pressure generated by the cyclic triaxial test was obtained as: 

Gup_ClN)d 

C, 3c 
I\NI (Eq. 6.15) 
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The equation is in a power form comprising two factors, c and d, which control 
the position and slope of the pore water pressure curve. The factors c and d for S, SA, 
SB, SC; and SD are summarised and shown in Table 6.9. 

For pure sand, it was observed that there was little scatter except for higher 

cyclic deviator stresses of 37 and 43kPa where some scatter was observed at very early 

cycles. However, when the normalised number of cycles was approaching 1.0; there was 
little scatter observed. 

For SA having sand to rubber ratios of 95: 5,90: 10,80: 20, and 70: 30, the points 
lie close to the normalised curves. However, similar scattering of data found for pure 

sand when tested with higher cyclic deviator stresses was also observed. When the 

mixtures contained higher rubber contents of 40 and 50%, the scattering of data was 

notable. In this case, the normalisation was done by averaging the data, as can be seen 
in Figure 6.47(e) and (f). For SB (see Figure 6.48), it was found that the normalised 

pore water pressure had similar behaviour to that of SA. 

For SC, however, the aggregation of points was observed only for the 80: 20 and 
70: 30 mixtures. For the rest, the scattering was clearly observed, especially for the 

mixtures 95: 5 (Figure 6.49(a)) and 50: 50 (Figure 6.49(f)). 

For SD, the curves for 70: 30,60: 40, and 50: 50 mixtures (Figures 6.50(d), (e), 

and (f)) exhibited low scatter, in contrast to SA, SB, and SC. For the mixtures 95: 5, 

90: 10, and 80: 20, however, the scattering was observed, especially for 95: 5 mixtures. 
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Figure 6.41 Pore water pressure behaviour for S, Pure Sand 
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Figure 6.44 Pore water pressure behaviour for SC, Sand + CT2060 
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Table 6.9 Factors c and d for predicting the generated pore water pressure 

Group Mixture 
Sand : Rubber 

Ratio 
factor 

C 

factor 
d 

S Pure Sand 100: 0 0.48 0.58 

SA Sand + CT0515 95 :5 0.71 0.53 

90: 10 0.78 0.45 

80: 20 0.91 0.38 

70 : 30 0.91 0.30 

60: 40 0.77 0.30 

5050 0.77 0.30 

SB Sand + CT1030 95 :5 0.65 0.52 

90: 10 0.79 0.46 

80: 20 0.86 0.45 

70: 30 0.92 0.35 

60: 40 0.83 0.28 

50: 50 0.75 0.27 

SC Sand + CT2060 95 :5 0.64 0.49 

90: 10 0.69 0.50 

80: 20 0.80 0.46 

70: 30 0.89 0.44 

60: 40 0.90 0.33 

5050 0.77 0.32 

SD Sand + CT4010 95 :5 0.60 0.56 

90: 10 0.67 0.56 

8020 0.69 0.43 

70 : 30 0.91 0.49 

6040 0.86 0.40 

50: 50 0.91 0.36 
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6.2.4 Strain Behaviour 

The previous section which described the pore water pressure behaviour generated by 

cyclic loading is important in terms of the occurrence of liquefaction. Soils deposited 

both naturally and artificially, however, are not necessarily fully saturated all of the 

time. This implies that the soil will not liquefy as the pore water pressure will never 

reach the initial effective stress due to the lesser degree of saturation. From geotechnical 
design and construction points of view, apart from the shear strength, the settlement and 
deformation are the most important factors. Even though the soil, by definition is not 

liquefied; but, if the settlement and deformation caused by soil softening is greater than 

the allowance, damage is therefore foreseeable. As a result, a limiting strain level is 

customarily used for the liquefaction failure conditions. 

To investigate the strain behaviour of a soil subjected to uniform cyclic loading, 

the axial strain is plotted showing both compression and extension. Bearing in mind that 

if the soil is anisotropically consolidated and the static shear stress is greater than the 

desired cyclic deviator stress, the axial strain will occur only in compression. The so 

called double amplitude axial strain ea, DA can be obtained by measuring the strain in 

both compression and extension from one complete cycle of loading, as described 

schematically by Figure 6.51. Then Ca, DA is plotted against the number of cycles for 

further analysis. As the double amplitude axial strain is used to define the liquefaction 

failure conditions, it is common practice to observe the strain behaviour as a 

combination of compression and extension strain. 
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Figure 6.51 Definition of double amplitude axial strain, e,, DA 

The strain behaviour during cyclic loading for pure sand, 'S, with applied cyclic 
deviator stresses ranging from 25 to 43kPa was plotted, and is shown in Figure 6.52. 

For sand mixed with CT0515 tyre chips, SA, having sand to rubber ratios of 95: 5, 

90: 10,80: 20,70: 30,60: 40, and 50: 50, the strain behaviour is illustrated by Figure 6.53. 

Figures 6.54,6.55, and 6.56 illustrate the strain behaviour for the mixtures SB, SC, and 
SD, respectively. 

The behaviour of double amplitude axial strain generated by cyclic loading for 

pure sand was distinctive when compared to the strain behaviour of SA, SB, SC, and 
SD. For pure sand, regardless of the level of qcyc applied, it was observed that all 

specimens exhibited similar behaviour. The strains initially remained virtually zero 

until the last few cycles when they increased almost vertically, without any gradual 

change observed, to a level greater than 8% (Figure 6.52). 

During the period of virtually zero strain, it may be that the sand particles were 
interlocked thereby no axial strain was produced. However, as the test was undrained, 

the pore water pressure built up progressively. As the cyclic loading continued the 

effective stress was also gradually decreased because of the increased pore water 

pressure, thereby lowering the degree of interlocking. Eventually, the interlocking was 

completely destroyed due to the excess pore water pressure, and the particles flowed, as 

evident in the sudden increase of axial strain. 
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For SA having sand to rubber ratios of 95: 5 and 90: 10 the strain behaviour was 

quite the same to those of pure sand, but before the abrupt increase of axial strain 

occurred the very small gradual change from virtually zero strain to larger strain was 

observed (Figures 6.53(a) and (b)). The mixture 80: 20 also exhibited similar behaviour 

to those of mixtures 95: 5 and 90: 10, except that the more gradual change of strain from 

zero to higher was observed (Figure 6.53(c)) for the specimens tested with qcyc of 16 

and 19.5kPa. This gradual change of strain indicates that the rubber in the sand-rubber 

matrix had some influence on the strain behaviour. 

When the rubber content was increased to 30% the initial strain of the specimens 

tested with 23 and 24.5 kPa qcyc, unlike mixtures 95: 5,90: 10, and 80: 20, did not begin 

at zero, but started at approximately 0.2%. Also, no period of constant strain was 

observed; instead, it progressively increased until reaching approximately 1%; 

subsequently, it increased abruptly to greater than 8% (Figure 6.53(d)). For SA having 

40% of rubber, the initial strain generated by cyclic loading started at around 0.8%, 

followed by the sudden increase until the liquefaction failure occurred (Figure 6.53(e)). 

For the mixture 50: 50 , the strain initiated at around 1.6% and then increased almost 

linearly until greater than 6%. The linearity of the increase, however, depended on the 

level of qcyc applied; the greater the qcyc the higher rate of increase observed, as evident 
in the slope of the strain versus number of cycles curves shown in Figure 6.53(f). 

The strain behaviour of SB having sand to rubber ratios of 95: 5 (Figure 6.54(a)), 

90: 10 (Figure 6.54(b)), and 80: 20 (Figure 6.54(c)) was comparable to those of SA 

having the same mixtures. However, it was found that the mixtures 70: 30 (Figure 

6.54(d)) exhibited strain behaviour similar to those of SA but with 20% rubber. 

Meanwhile, the SB specimens with 40% (Figure 6.54(e)) and 50% (Figure 6.54(f)) 

rubber contents had the strain behaviour similar to those of SA with 30 and 40% rubber, 

respectively. 

For SC having rubber contents of 5% (Figure 6.55(a)) and 10% (Figure 6.55(b)) 

the strain was observed to be equivalent to those of SA with the same mixture. 

However, for SC with 20% rubber (Figure 6.55(c)) the behaviour seemed to be similar 

to SB but with 10% rubber. For higher percentages of rubber of 30% (Figure 6.55(d)), 

40% (Figure 6.55(e)), and 50% (Figure 6.55(f)), the behaviour was similar to those of 

SA with 20,30, and 40% rubber, respectively. 
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For SD having rubber contents of 5% (Figure 6.56(a)), 10% (Figure 6.56(b)), 

and 20% (Figure 6.56(c)) it was observed that the strain behaviour was similar to those 

of SA having 10% of rubber. However, for the mixtures with 30% rubber (Figure 

6.56(d)) the strain behaviour was equivalent to those of SA with 20%. When the rubber 

was increased to 40% (Figure 6.56(e)) and 50% (Figure 6.56(f)) the specimens 

exhibited similar strain behaviour to SA but with 30% rubber. 
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As evident in the strain response and pore water pressure characteristics 

previously discussed, the cyclic behaviour of sand mixed with tyre chips may be 

divided into three phases: (1) sand dominated phase, (2) transitional or intermediate 

phase, and (3) rubber dominated phase. This may also be observed by Figure 6.35 

showing the variation of the cyclic strength against rubber content. It may be concluded 

that when a small amount of rubber of 5% was added the behaviour is still dominated 

by the sand hence falling into Phase 1. The cyclic strength either decreased or increased 

when the rubber was gradually increased from 10% to 30% indicating that the 

behaviour is in-between the sand dominated and the rubber dominated thereby falling 

into Phase 2. When the rubber was increased to 40% and above, it can be clearly seen 

that the cyclic strength was increasingly improved and quite higher than that of pure 

sand. This is obvious that the behaviour is dominated by the rubber thereby falling into 

Phase 3. 

The phase change of the behaviour of sand mixed with various amounts of 

rubber was also studied by Kim and Santamarina (2008) employing an oedometer cell 

and bender elements. They reported that the behaviour is controlled by the sand when 

the mixtures contain :5 30% rubber. However, when the rubber volume is z 60%, the 

behaviour is dominated by the rubber. The difference between Kim and Santamarina 

(2008) and this research in terms of the onset of the rubber amount that prevails may 

owe to the differences of the materials as well as their sizes. 

Another point should be further discussed is the behaviour of samples 

comprising two or more materials having different particle sizes, e. g., sand mixed with 

silt. Thevanayagam (1998) reported that the large strain undrained shear strength is 

dependent on the inter-granular void ratio (e of sand-grain-matrix, es). In addition, when 

silty sand has fines content greater than about 30%, the behaviour of silty sands is 

expected to be dominated by the silt. Regardless of the amount of fines mixed in, this 

may be comparable with this research, i. e., the cyclic behaviour of sand-rubber mixtures 
is dominated by the rubber when the rubber content is 40% and above. 

6.2.5 Shear Modulus and Damping Ratio 

Shear modulus and damping ratio will be included and discussed altogether in Chapter 7 

Bender Element Tests. 
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CHAPTER 7 

BENDER ELEMENT TESTS 

7.1 Introduction 

The bender element test (BE), is increasingly acquiring attention from researchers 
because it measures small-strain shear modulus Gm., a vital parameter employed in 

dynamic analysis and design. At very low shear strain the behaviour of a soil is 

regarded as linear. As such, the BE test is also known as a low strain, non-destructive 

test. One important benefit that should be mentioned is that as the BE test is conducted 

at low strain a specimen is still unchanged from its original state. As a result, after the 

BE test has been finished other soil tests can follow, e. g., unconfined compression tests, 

standard and cyclic triaxial tests, and one-dimensional compression tests. 

Other cyclic loading tests such as the cyclic triaxial test and the cyclic simple 

shear test also provide the shear modulus G of a soil, but at much larger strain; they are 

therefore called high strain tests. Combining Gm. obtained from the BE test and G from 

the cyclic loading test then would enable us to draw a complete picture of the 

degradation of soil stiffness against shear strain. Using this curve, together with other 

properties, both static and dynamic problems involving engineering soils therefore can 

be analysed. For that reasons, the bender elements developed and fabricated by Chan 

(2006) were modified to be able to fit into the triaxial cell thereby allowing both BE and 

cyclic triaxial tests to be done using the same specimen.. 



Chapter 7 Bender Element Tests 

7.2 Interpretation of BE signals 

The main purpose of the BE test is to determine the travel time of shear waves that 

travel through a soil specimen thereby obtaining the shear wave velocity, and hence the 

small strain shear modulus. Unfortunately, choosing the arrival time of shear waves is 

not straightforward due to several factors such as near-field effects, electronic coupling- 

crosstalk, and boundary conditions. As a result, several techniques have been developed 

to provide the accurate means for interpreting the BE signals. 

Normally, interpretation techniques are categorised into two groups: visual 

picking and numerical techniques. The visual picking method is dependent on an 
individual deciding which point is the arrival time for the shear waves, whereas the 

numerical method employs such mathematical techniques as Fast Fourier Transform 

(FFT) to avoid any bias. 

7.2.1 First Arrival 

This method is simply done by deciding on what point is the arrival time of shear 

waves. Note that the First Arrival (FA) is also known as visual picking (e. g., Chan, 

2006). Although the technique seems to be straightforward, it is quite controversial as to 

which point is in fact the arrival time, i. e., A, B, C, or D, as illustrated by Figure 7.1. 

Points A, B, C, and D, are called first deflection, first bump maximum, zero voltage 

after first bump, and major first peak, respectively (Lee and Santamarina, 2005). 

Unfortunately, there has not been consistency in picking the arrival time even 

within the same report. Point A has been employed as first arrival time, but studies by 

Salinero et al. (1986) pointed out that it might instead be the arrival of compression 

waves, P-waves. Moreover, Brignoli et al. (1996) suggested that the period between 

point A and point B may be because of near field effects. Point B is the point when the 

output signal begins to change direction, i. e., from negative slope to positive slope; 

whereas, point C is where the signal becomes zero voltage. Point D is the first major 

arrival peak of the receiving (output) signal. In this research, point B was used as the 

beginning of shear wave arrival, the same as Brignoli et al. (1996). 
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Receiving signal 

ABCD 

Figure 7.1 Typical BE output signal 

7.2.2 First Major Peak to Peak 

The principle of first major Peak to Peak method (PP) (Viggiani and Atkinson, 1995; 

Brignoli et al., 1996; Chan, 2006) is simply to determine the travel time of shear waves 

by measuring the time between the first major peak of the input and output signals, as 

illustrated by Figure 7.2. These are also called characteristic peaks of the input and 

output signals by Arulnathan et al. (1998). Note that apart from the first major signal 

peak shown in Figure 7.2, first troughs and zero crossings of the input and output 

signals can also be used to determine the travel time (Arulnathan et al, 1998). 
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Figure 7.2 Determination of travel time by first major peak to peak method 

7.2.3 Cross Correlation 

The Cross Correlation method (CC) (Viggiani and Atkinson, 1995; Arulnathan et al., 

1998) employs a mathematical technique called Fast Fourier Transform (FFT) to 

analyse the arrival time of shear waves. Mathematically, the technique is to determine 

the correlation between two functions. In the bender element test, the cross correlation 
function CC, y(t) examines the degree of correlation of two signals, input (X(T)) and 

output (Y(T)), and is defined as: 

Input 
Output 
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CCxy(t) = 1imrTýý Tr fTr X(T)Y(T + t)dT (Eq. 7.1) 

where: 

IT,. = time record, and 

t= time shift between two signals. 

It can be seen that an algorithm that can acquire time-domain test data from an 

oscilloscope, and then perform FFT is needed to carry out the cross correlation analysis. 
Fortunately, all functions needed for analysing the BE signals by CC are provided by 

Matlab® from the MatWorks Inc. Hence, a small computer program was developed for 

this purpose. Basically, the program first imported the time-domain test data from the 

oscilloscope into Matlab®. Then, the cross-correlation function of the two signals was 

calculated. 

In more detail, the linear spectra of both input X(T) and output Y(T) signals 

were first determined using FFT ("fft" function in Matlab®), as shown below: 

Ly(f) = FFT{Y(T)] (Eq. 7.2) 

L., (f) = FFT[X(T)] (Eq. 7.3) 

where: 

Ly(f) = linear spectrum of output signal Y(T), and 

LX(f} = linear spectrum of input signal X(T). 

Basically, these processes transformed the time-domain data into the frequency- 

domain data in order that FFT can be applied. Next, the cross-power spectrum G(f) of 

the linear spectra of both input X(T) and output Y(T) signals was determined by the 

following equation: 

GXy(f) = L. (f)"L (f) (Eq. 7.4) 

Where Ly*(g is the complex conjugate of linear spectrum of output signal 

("conj" function in Matlab®). Subsequently, the time-domain cross correlation CC(t) 

was calculated by performing the inverse of FFT ("ifft" function in Matlab®) of the 
frequency-domain cross-power spectrum G (V, as shown below: 
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CCXy(t) = IFFT[Gxy(f)] (Eq. 7.5) 

In practice, CC , (t) is normalised by its maximum value CC.,,,,,,,, i. e., CCxy(t)/ 

CC,, 
,,, . Then, the normalised cross-correlation is plotted against the time. The time at 

which the value of CC, (t)/CC,, m = 1.0 (maximum value) was then taken as the time 

shift t,, between input and output signals. In other words, t,, represents the travel time of 

shear waves for the wave forms (Viggiani and Atkinson, 1995). 

The example of the determination of travel time by using a cross correlation 
function is illustrated by Figures 7.3 - 7.5. First, the input and output signals are taken 

from an oscilloscope, as shown in Figure 7.3. Next, the linear spectra of the input and 

output are determined using FFT provided by Matlab® (Figure 7.4). The frequency- 

domain linear spectra are then converted to time-domain employing the inverse of FFT, 

resulting in the plot of C,, (t)/ CC,,,,, (Figures 7.5). 
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Figure 7.3 Typical oscilloscope signals from a bender element test with a sine pulse excitation (after 
Viggiani and Atkinson, 1995) 
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Figure 7.4 Linear spectra for the signals shown in Figure 7.3: (a) transmitter; (b) receiver (after 
Viggiani and Atkinson, 1995) 
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Figure 7.5 Cross correlation of the signals shown in Figure 7.3 (after Viggiani and Atkinson, 1995) 

7.3 Results and Discussion 

7.3.1 Shear Wave Velocities and Small Strain Shear Moduli 

The undrained cyclic behaviour of a total of 106 specimens, including five pure sand 

and 101 sand-tyre chip mixtures, has been investigated. Each specimen, after 

consolidation and before the cyclic load was applied, was subjected to bender element 

testing in order that the dynamic properties at very low strain could be studied. 

The BE test results for pure sand subjected to input frequencies ranging from 2- 

16kHz are shown in Table A. 1 (Appendix), presenting test number, input frequency f;,, 
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of driving voltage, shear wave velocity and small-strain shear modulus obtained by FA, 

PP, and CC. Note that the range of the input frequencies f;,, employed is similar to that 

of Leong et al. (2005). For the SA mixtures having sand to rubber ratios of 95: 5,90: 10, 

80: 20,70: 30,60: 40, and 50: 50, the BE signals are shown in Table A. 2, Table A. 3, 

Table A. 4, Table A. 5, Table A. 6, and Table A. 7, respectively. Tables A. 8 - A. 13, 

Tables A. 14 - A. 19, Tables A. 20 - A. 25, show the BE results for the SB, SC, and SD 

mixtures respectively. It should be noted that for some mixtures containing rubber 

contents of 30% and higher, when higher input frequencies were applied (e. g., 7,11, 

and 16kHz), the Vs and Gm. were not reported because the receiving signals were not 

clear enough to interpret, so much so that they were abandoned. This may be because of 

the highly elastic properties of the rubber distorting the signals. 

To obtain the cyclic strength for each mixture, 4-5 different cyclic deviator 

stresses were tested, thereby 4 -5 specimens were prepared. For example, for pure sand 

shown in Table A. 1, five specimens were tested: BE100S430, BE100S370, BE100S320, 

BE100S290, and BE100S250. Notice that the last three numbers indicate the cyclic 

deviator stress applied (in kPa) multiplied by 10. For each sand to rubber ratio, even 

though the specimens were subjected to different cyclic deviator stresses, they were 

prepared the same way and therefore had similar densities. Furthermore, the BE test had 

been done before the cyclic triaxial test began. Thus, all specimens having the same 

sand to rubber ratio should have had similar shear wave velocities and small-strain shear 

moduli. The BE results for the specimens having the same sand to rubber ratio therefore 

were averaged for the purpose of analysis and discussion of the results. 

The BE test results for pure sand S averaged from Table A. 1 are summarised in 

Table 7.1. Table 7.2, Table 7.3, Table 7.4, Table 7.5, show the summaries of the BE 

results for SA (averaged from Tables A. 2 - A. 7), SB (averaged from Tables A. 8 - 
A. 13), SC (averaged from Tables A. 14 -A. 19), and SD (averaged from Tables A. 20 - 
A. 25), respectively. 

The BE input and output signals for pure sand tested with the input frequencies 

of 2,4,7,11, and 16kHz are illustrated by Figure 7.6. They depict the pulse-sine-wave 
form input signals and the output voltage, shown on the left column; and normalised 

cross correlation function CCX)JCC ,,, a,, plotted against time in ms (1/1000 second), 

shown on the right column. For SA having sand to rubber ratios of 95: 5,90: 10,80: 20, 
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70: 30,60: 40, and 50: 50, the selected BE results are illustrated by Figures 7.7 - 7.12, 

respectively. For SB, SC, and SD, having sand to rubber ratios of 95: 5,90: 10,80: 20, 

70: 30,60: 40, and 50: 50, the selected BE results are illustrated by Figures 7.13 - 7.18, 

Figures 7.19 - 7.24, and Figures 7.25 - 7.30, respectively. Note that only one result that 

represents each sand-rubber mixture is plotted and shown, the rest can be found in the 

CD-ROM attached. 

The effects of varied input frequencies of 2,4,7,11, and 16kHz on the Vs 

obtained by FA for the SA, SB, SC, and SD mixtures are illustrated by Figure 7.31, 

Figure 7.32, Figure 7.33, and Figure 7.34, respectively. Figures 7.35 - 7.38 and Figures 

7.39 - 7.42 illustrate the effects of various input frequencies on the Vs obtained by PP 

and CC, respectively. The changes of the shear wave velocity and small strain shear 

modulus obtained by PP corresponding to the varied rubber contents from 5 to 50% for 

SA, SB, SC, and SD were plotted, and are illustrated by Figure 7.43 and Figure 7.44, 

respectively. 

In Table 7.1 presenting the BE results for pure sand S, it was observed that both 

VS and Gma,, determined by means of FA gradually increased with increasing input 

frequency, i. e., VS = 219 - 240m/s and Gm = 96 - 115MPa, corresponding to the f;,, 

from 2- 16kHz. This may suggest that the V. obtained by FA depend on the frequency 

of the input voltage (see Figures 7.31 - 7.34 for 100: 0 curves). However, these findings 

did not apply to the results obtained by the other two interpretation methods, PP and 
CC. For example, for PP, the VS for the f;,, of 2,4,7,11, and 16kHz were 229,222,223, 

227, and 230m/s, respectively. On the other hand, for CC, the Vs for the f" of 2,4,7,11, 

and 16kHz were 207,222,221,221, and 221m/s, respectively. 

The interpretation of the BE signals for pure sand using PP (see Figures 7.35 - 
7.38) and CC (see Figures 7.39 - 7.42) methods suggests that the signals are not 

dependent on the input frequency, which is contrary to the test results interpreted by 

FA. The values of VS and Gm. for pure sand averaged for all f;,, by FA, PP, and CC, 

were 229m/s and 104MPa, 226m/s and 102MPa, and 218m/s and 95MPa, respectively. 
This implies that FA yields the maximum V. and Gm., followed by PP and CC. 

Comparing the results obtained by all three techniques, it can be seen that the results by 

PP are in-between the other two, implying that they could be used as a mean value (see 
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Table 7.1). For pure sand, it may be concluded that the V$ obtained by PP and CC were 

more consistent than those obtained by FA, regarding to the various f;,,. 

The VS averaged from all fin for pure sand by FA, PP, and CC, were 229,226, 

and 218m/s, respectively; and, it was interesting to compare the V$ from this research to 

other studies. For example, Andrus and Stokoe (2000) estimated the shear wave 

velocity for sandy soil (fines <= 5%) of 200 - 215m/s, which is quite similar to this 

research. This comparison for the sand provides some degree of confidence for the BE 

results for sand mixed with tyre chips. In addition, as Gm is such an important 

parameter in dynamic analysis, there have been several studies reporting its values for 

various soil types. For sandy soil, Hardin and Black (1968) reported that Gn,. may be 

estimated from the following equations: 

= 
6908(2.17-e)2 ('rr'ax 

1+e 3c (kPa, for round-grained) (Eq. 7.6) 

3230(2.97-e)2 , Gmax = 
1+e 

.4 3c (kPa, for angular-grained) (Eq. 7.7) 

Where a'3c is effective confining pressure in kPa (or consolidation pressure in 

triaxial test). Substituting e of 0.669 and a'3c of 100kPa for pure sand, into the above 

equations, it was found that Gm. for round-grained sand and angular-grained sand were 
93MPa and 102MPa, respectively. Comparing these two values with G,,, ax obtained by 

the BE test of 102MPa (by PP), it was striking to find out that they were very similar. 

This confirms that, as can be seen in the equations, the shear modulus is correlated 

solely to void ratio and effective stress, regardless of the size of a soil (Lambe and 

Whitman, 1979). 

In Table 7.2 summarising the BE results for SA, it was observed that both VS 

and Gm significantly decreased with increasing rubber content. For example, the V 

and Gm.., obtained by PP for the mixtures 95: 5,90: 10,80: 20,70: 30,60: 40, and 50: 50; 

were 232m/s and 104MPa, 21 1m/s and 85MPa, 177m/s and 55MPa, 149m/s and 

38MPa, 113m/s and 21MPa, and 93m/s and 13MPa, respectively. This indicates that the 

more rubber was added the lower the observed shear wave velocity and shear modulus. 

Furthermore, the decrease of VS and G,,,. with increasing rubber content was also found 

to be the case for the results obtained by the other two methods, PP and CC. In addition, 
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it was observed that, apart from the mixtures 95: 5, all mixtures had lower VS and Gm. 

compared to pure sand, indicating lower stiffness. 

Note that for SA, when the rubber was increased to 30 and 40%, the output 

signals produced by the f;,, of 11 and 16kHz were so noisy that they were not reported. 
For SA having 50% rubber, however, only the output signals produced by the f;,, of 2 

and 4kHz that were analysed and reported. This suggests that the rubber in sand-rubber 

matrices may distort the shear waves so much so that the receiver could not detect the 

signals properly. 

Apart from 95: 5 mixtures, both VS and Gm. for SA obtained by FA slightly 

increased with increasing f,,, suggesting that they may be dependent on the frequency 

of driving voltage, which was quite similar to the findings for pure sand. However, as 

this research employed only one type of wave form, pulse-sine-wave, this may not be 

the case if other types of wave form were tested. For the mixtures 95: 5, however, the Vs 

and Gm either increased or decreased with increasing off", i. e., the Vg determined by 

FA tested with the f;,, of 2,4,7,11, and 16kHz were 243,255,245,238, and 250m/s, 

respectively. 

Similar findings to those for pure sand in which the results interpreted by PP 

were between those obtained by FA and CC, were also found for SA. In addition, the 

sequence of Vs and Gm obtained by the three interpretation methods for all mixtures 
from high to low is also the same as that for pure sand, i. e., FA > PP > CC. Comparing 

all three methods, it was observed that the VS and G.,, obtained by means of PP were 

the most consistent, for varied input frequencies. 

In Table 7.3 showing the summary of BE results for SB, the output signals 

produced by all input frequencies for the mixtures 95: 5,90: 10, and 80: 20 were all 

interpreted and reported. However, when the rubber content was increased to 30%, the 

output signals produced by 16kHz input frequency were un-interpretable. For the 60: 40 

and 50: 50 mixtures, only the output signals from the input frequencies of 2 and 4kHZ 

that were recorded and interpreted. Notice that the difficulty in the interpretation of the 

output signals for SB when the rubber content was increased to 30% and higher was 

observed to be similar to that of SA. It may be concluded that the distortion of the shear 
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waves was because of higher proportions of rubber in the sand-rubber mixtures, 

especially when higher input frequencies were employed. 

Apart from the BE results of the mixtures 95: 5 interpreted by PP, it was 

observed that the VS by FA, PP, and CC tested with the lowest f;,, of 2kHz was notably 
lower that that tested with a higher f;,,. For example, Vs for the 95: 5,90: 10,80: 20,70: 30, 

and 60: 40 mixtures determined by FA tested with the f;,, of 2 and 4kHz were 196 And 

206m/s, 185 and 195m/s, 192 and 202m/s, 165 and 179m/s, and 133 and 147m/s, 

respectively. It was found that, however, when the f;, were higher, i. e., 7,11, and 

16kHz, the results were quite consistent. This indicates that VS and G,,, ax for SB obtained 

by FA may be dependent on the f;,; thus, choosing the values for dynamic analysis 

should be considered with caution. 

The Vg and G,,, ax for SB were the greatest when the mixtures contained 5% 

rubber, and progressively decreased with increasing of rubber content. For example, the 

and Gmax for the mixtures having rubber content of 5,10,20,30,40, and 50% were V. 

201m/s and 79MPa; 188m/s and 68MPa; 189m/s and 65MPa; 158m/s and 44MPa; 

120m/s and 24MPa; 104m/s and 17MPa, respectively. It was also found that the results 

obtained by PP were in-between the results determined by FA and CC, i. e., FA>PP>CC. 

Note that these findings are also the same as found for SA and pure sand. 

In Table 7.4 showing the summary of BE tests for SC, for the mixtures having 5, 

10, and 20% rubber, the output signals from all f� were recorded and interpreted. For 

the mixtures containing 30 and 40% rubber, however, only the output signals produced 
by the f� of 2 and 4kHz were analysed; whereas, for the 50: 50 mixtures only the signals 

produced by f� of 2kHz were recorded and analysed. 

For SC, it was observed that the VS obtained by FA increased with increasing f;,,; 

however, this was not the case for the results analysed by PP and CC. This suggests that 

the Vs for SC obtained by FA are quite dependent on f,,. The VS obtained by PP for the 

95: 5,90: 10,80: 20,70: 30,60: 40, and 50: 50 mixtures were 211,207,184,189,155, and 

127m/s, respectively. Unlike SA and SB, the V. for SC progressively decreased when 

the rubber content was increased from 5 to 20%, it then slightly increased when the 

rubber was increased to 30%. After that, it continued to decrease almost linearly as the 

rubber content was increased to 40 and 50%, as can be seen in Figure 7.43. It was also 
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found that, for SC, the V and Gm obtained by PP were in-between the results by 

obtained FA (maximum) and CC (minimum), similar to those of SA, SB, and pure sand. 

For SD (see Table 7.5), the output signals produced by all f;,, were recorded and 

analysed only for the 95: 5 and 90: 10 mixtures. For the 80: 20,70: 30, and 50: 50 mixtures 

only the output signals produced by the f;,, of 2,4, and 7kHz were analysed and 

reported. For the 60: 40 mixtures, only the signals produced by the j of 2 and 4kHz 

were analysed. 

For all sand to rubber ratios of SD, it was observed that the V$ and G, n. obtained 

by FA gradually decreased with increasing of fin. Apart from the results for the 95: 5 

mixtures obtained by PP, these findings were also found to be the case when the signals 

were analysed by the other two methods, PP and CC. This suggests that, for SD, the Vs 

and Gm. obtained by FA depend on the input frequency. At this point, it may be 

concluded that the VS and Gm for sand-rubber mixtures when analysed by employing 

the FA technique, are very dependent on the frequency of the input voltage. Thus, if 

they are to be employed in dynamic analysis, a conservative value should be used. 

The VS for SD analysed by PP for the 95: 5,90: 10,80: 20,70: 30,60: 40, and 50: 50 

mixtures were 213,208,188,200,170, and 155m/s, respectively, showing a similar 

trend to that previously found for SC: the Vs gradually decreased when the rubber 

content was 5,10, and 20%; however, when the rubber was increased to 30% the Vs 

instead slightly increased. When the rubber was increased to 40%, the Vs continued to 

decrease, and carried on when the mixtures contained 50% of rubber (see Figure 7.43). 

It was also found for SD that Vs and Gmax determined by PP were in-between that 

obtained by FA and CC, as shown previously for pure sand, SA, SB, and SC. 

The typical BE signals for pure sand are illustrated by Figure 7.6, including the 

input voltage and output voltage shown on the left, and CC,, y/CC,, y, max shown on the 

right, with the input frequencies of 2,4,7,11, and 16kHz. Overall, the output signals 
for pure sand were very clear to interpret, except for the j of 2kHz where there was 

some noise, suggesting that a frequency as low as 2kHz may not be suitable for the 

tested sand. Above all, for the sand it was found that the f;,, of 4kHz produced the output 

signal that was the easiest to analyse. 
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For the f;,, of 2 and 4kh z, the first bump of the output (point A illustrated by 

Figure 7.1) was detected at about 710µs, and the first arrival of shear waves (by means 

of point B illustrated by Figure 7.1) was detected at the time of 850 and 840µs, 

respectively. Note that the first bump of the output signal is normally taken as the 

reflection of the primary P-wave, not the arrival of shear waves (Lee and Santamarina, 

2005). When the applied fin was higher, the first arrival times of shear waves were 

slightly shifted to the left, i. e., they were 820,790, and 760µs for the f;,, of 7,11, and 

16kHz, respectively. 

It is apparent that the arrival of the shear wave obtained by FA depends on the 
input frequency. However, when the travel time was determined by measuring the 

difference between the first positive peak of input signals and the first positive peak of 

output signal, it was found that the frequency dependency previously found was not the 

case. When analysing by employing the cross-correlation function proposed by Viggiani 

and Atkinson (1995), however, it was found that, the travel time was quite consistent, 

regardless of the J. For example, the time at which the CC,, y/CC,, y, m values were 

maximum (approximately 1.0) for the f;,, of 2,4,7,11, and 16kHz were 875,850,850, 

850, and 850µs, respectively. It is apparent that, except for the f;,, of 2 kHz, they are 

exactly the same, indicating frequency independency. 

For SA with 5% rubber (Figure 7.7), at the f;,, of 2,4,7kHz, the output signals 

were clearer than the signals produced by the f;,, of 11 and 16kHz. This suggests that for 

SA having 5% rubber, a higher input frequency could produce the noise that causes the 

analysis of the signals difficult. These findings were also found to be similar to those of 
SA having rubber contents of 10% (Figure 7.8) and 20% (Figure 7.9). 

For SA having rubber contents of 30,40, and 50%, at higher f,,, of 7,11, and 
16kHz, there was so much noise that the output signals were abandoned because they 

were un-interpretable (Figures 7.10-5.12, respectively). Notice that regardless of the 

percentage of rubber added into the mixtures for SA, it was found that the f;,, of 2kHz 

produced the clearest signals. This should be noted as for pure sand the f� of 2kHz 

produced the *Poorest signals. 

It was also found that for SA containing rubber contents of 30% and higher, and 

tested with the f;,, of 2kHz, the time between the first bump (P-wave arrival, point A 
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illustrated by Figure 7.1) and the lowest output voltage (point B illustrated by Figure 

7.1) was much wider, compared to the signals produced by higher f". This caused the 

determination of the travel time of shear waves by FA problematic. This is obvious 

when considering the BE signals for SA having rubber contents of 40 and 50% 

illustrated by Figure 7.11 and Figure 7.12, respectively. However, there was no' such 

problem when PP and CC techniques were employed to determine the travel time. 

For SB with 5% rubber (Figure 7.13), at the f;,, of 2kHz, there was little noise 
found at the beginning of the output signal, as found for pure sand, but still 
interpretable. When the rubber was increased to 10,20, and 30%, the output signals 

were quite clear and it was easy to determine the travel time (see Figure 7.14, Figure 

7.15, and Figure 7.16, respectively). For SB having rubber contents of 40% (Figure 

7.17) and 50% (Figure 7.18), however, a similar difficulty in the determination of travel 

time by means of FA as found for SA was also observed. 

Those findings for SA and SB, e. g., the characteristics of output signals with 

varied input frequency, the noise of the output signals when higher input frequencies 

were employed, and the difficulty in the determination of travel time of shear waves by 

FA when the rubber was increased to 40 and 50%, were also found for SC and SD (see 

Figures 7.19-7.24 and Figures 7.25-7.30, respectively). 

Considering Figure 7.43 (V versus rubber content) and Figure 7.44 (GR, versus 

rubber content) together, it can be seen that the characteristics of shear wave velocity 

and small-strain shear modulus of sand mixed with tyre chips versus various rubber 

content may be divided into two groups: (1) SA and SB, and (2) SC and SD. For the 

purpose of the discussion of the BE results, it should be emphasised herein again that 

the sizes of tyre chips from smaller to bigger are as followed: A (0.5 - 1.5mm), B (1.0 - 
3.0mm), C (2.0 - 6.0mm), and D (4.0 - 10.0mm). 

From Figure 7.43 and Figure 7.44, it is apparent that for the mixtures containing 

20% rubber, both VS and Gmax for SA, SB, SC, and SD, are very similar, regardless of 

the size of tyre chips added. This suggests that when Leighton Buzzard 16/30 Sand is 

mixed with tyre chips CT0515 (A), CT1030 (B), CT2060 (C), and CT4010 (D), with a 

sand to rubber ratio of 80: 20, the dynamic properties are not influenced by the size of 
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tyre chips. Interestingly, the cyclic strengths for SA, SB, SC, and SD were also the 

lowest when the mixtures contained 20% of rubber (Figure 6.35, Chapter 6). 

It can be seen that the relationship between VS and Gm. versus rubber content for 

group (1) may be considered approximately linear. On the other hand, group (2) 

exhibited a highly non-linear relationship. However, for the purpose of analysis and 
design, group (2) may also be approximated as linear. It should be noted that as the 

curves for group (2) are highly non-linear, making use of them must be considered 

cautiously, in particular when the mixtures contain 5 to 30% rubber. 

For the relationship between the V$ and rubber content, the linearization was 
done by setting the Vg of 226m/s (Vs for pure sand, see Table 7.1) as the intercept for 

zero rubber content, as illustrated by Figure 7.45. For Gmax, a similar technique was 

employed, but the intercept for Gmax at zero rubber content was 102MPa (Gm. for pure 

sand by PP, see Table 7.1), and the linear relationship between G,,, and rubber content 

is illustrated by Figure 7.46. The linear equation representing the relationship between 

the Gmax and the rubber content is shown by Eq. 7.8; and Eq. 7.9 shows the linear 

relationship between VS and the rubber content. 

Gm, a�x = 102 - FG " RC (MPa) (Eq. 7.8) 

VS = 226 - Fv " RC (m/s) (Eq. 7.9) 

where: 

FG = 1.935,1.867,1.523, and 1.276 for SA, SB, SC, and SD, 

Fv = 2.643,2.468,1.816, and 1.366 for SA, SB, SC, and SD, and 

RC = rubber content in per cent. 

It was observed that the factors FG and Fv varied in relation to the size of rubber, 
in other word, the particle size ratio D1/DS. Therefore they were plotted against Dr/DS for 

further analysis, and are illustrated by Figure 7.47. As a result, the relationships between 

the two were obtained, hence Eq. 7.8 and Eq. 7.9 became: 

Gmax = 102 - 
[2.1964 

- 0.3698 In (p*), 
" RC (MPa) (Eq. 7.10) 

VS = 226 - 
[3.1279_O. 

71411n(&)] " RC (m/s) (Eq. 7.11) 
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Table 7.1 Summary of BE tests (averaged) for pure sand, S 

First Arrival Peak to Peak Cross Correlation 
Sand : Rubber j i� (FA) (PP) (CC) 

Test No. Ratio (kHz) V, G V, Gm., V, G 
(m/s) (MPa) (m/s) (MPa) (m/s) (MPa) 

BEl00S 100: 0 2 219 96 229 105 207 86 
4 223 99 222 99 222 98 
7 227 103 223 99 221 98 
11 235 110 227 103 221 97 
16 240 115 230 105 221 97 

Average 229 104 226 102 218 95 
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Table 7.2 Summary of BE tests (averaged) for SA 

Test No. 
Sand : Rubber f 1. 

Ratio (k11Z) 

First Arrival 
(FA) 

V, G 
(m/s) (MPa) 

Peak to Peak 
(PP) 

V, "C mas 
(m/s) (MPa) 

Cross 

V1 

(m/s) 

Correlation 
(CC) 

C 
ma: 

(MPa) 

BE95SA 95: 5 2 243 114 232 104 227 100 
4 255 127 230 102 226 99 
7 245 117 234 106 223 96 
11 238 110 230 103 222 96 
16 250 122 233 106 219 93 

Average 246 118 232 104 223 97 
BE90SA 90: 10 2 213 86 208 83 207 82 

4 220 92 208 82 203 78 
7 225 96 209 83 200 76 
11 231 102 213 86 200 76 
16 230 101 217 90 196 73 

Average 224 95 211 85 201 77 
BE80SA 80: 20 2 176 56 171 53 170 52 

4 186 63 175 54 167 51 
7 193 67 177 55 166 50 
11 195 69 180 56 165 49 
16 199 72 181 56 162 48 

Average 190 65 177 55 166 50 
BE70SA 70: 30 2 161 44 145 36 136 32 

4 169 49 155 41 133 30 
7 167 48 147 37 133 30 
11 
16 - - - - - - 

Average 165 47 149 38 134 31 

BE60SA 60: 40 2 123 25 111 20 105 18 
4 125 26 113" 21 105 18 
7 126 26 114 21 101 17 
11 - - - - - - 
16 - - - - - - 

Average 125 26 113 '21 104 18 

BE50SA 50: 50 2 109 19 91 13 83 lI 

4 105 17 95 14 86 12 

7 - - - - - - 
11 - - - - 
16 - - - - - - 

Average 107 18 93 13 85 11 
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Table 7.3 Summary of BE tests (averaged) for SB 

Test No. 
Sand : Rubber f 1. 

Ratio (kHz) 

First Arrival 
(FA) 

Va `/maa 
(m/s) (MPa) 

Peak to Peak 
(PP) 

V, Gmaa 
(m/s) (MPS) 

Cross 

Va 

(m/s) 

Correlation 
(CC) 

Cmaa 
(MPa) 

BE95SB 95: 5 2 196 74 200 78 190 70 
4 206 83 198 76 199 77 
7 208 84 201 79 195 74 
11 214 89 204 81 194 73 
16 219 93 204 81 194 73 

Average 209 85 201 79 194 74 

BE90SB 90: 10 2 185 65 177 60 173 57 

4 195 72 186 66 183 64 

7 201 77 190 69 181 63 
11 206 81 194 72 182 63 
16 209 84 194 72 180 62 

Average 199 76 188 68 180 62 
BE80SB 80: 20 2 192 68 180 59 177 58 

4 202 74 184 62 180 59 
7 211 82 190 66 177 57 
11 212 82 194 69 179 58 
16 206 78 197 71 175 56 

Average 205 77 189 65 178 58 
BE70SB 70: 30 2 165 48 150 40 143 36 

4 179 56 159 44 143 36 
7 185 60 160 45 155 42 
11 189 63 162 46 147 38 
16 - - - - - 

Average 180 57 158 44 147 38 

BE60SB 60: 40 2 133 29 117 23 110 20 
4 147 36 122 25 111 20 
7 - - - - - - 
II - - - - - - 
16 - - - - - 

Average 140 33 120 24 110 20 

BE50SB 50: 50 2 119 22 101 16 92 13 

4 118 22 107 18 90 13 

7 - - - - - - 
11 - - - - - - 
16 - - - - - - 

Average 118 22 104 17 91 13 
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Table 7.4 Summary of BE tests (averaged) for SC 

Test No. 
Sand : Rubber 

Ratio 
f I. 

(kHz) 

First Arrival 
(FA) 

V, G.., mýa 
(m/s) (MPa) 

Peak to Peak 
(PP) 

V. G.,, ý mas 
(m/s) (MPa) 

Cross 

V V. 
(m/s) 

Correlation 
(CC) 

mA: G MAX 
(MPa) 

BE95SC 95: 5 2 207 84 211 87 198 77 
4 209 86 207 84 206 83 
7 215 90 210 86 204 82 
11 221 95 212 88 204 81 
16 225 99 213 89 202 80 

Average 215 91 211 87 203 81 

BE90SC 90: 10 2 202 79 199 76 186 67 

4 212 87 204 80 203 80 

7 220 94 209 84 201 78 

11 221 95 211 86 203 79 

16 224 97 212 86 202 79 

Average 216 90 207 83 199 77 

BE80SC 80: 20 2 180 60 174 56 169 53 

4 193 69 182 62 178 59 

7 200 75 186 64 179 59 

11 205 78 190 67 181 61 
16 204 77 190 67 179 59 

Average 196 72 184 63 177 58 

BE70SC 70: 30 2 203 74 181 59 170 52 

4 207 77 196 69 167 50 
7 
11 

- - - - - - 

16 
- 
- 

- 
- 

- 
- 

- 
- 

- - 
- 

Average 205 76 189 64 168 51 

BE60SC 60: 40 2 172 51 148 38 137 32 
4 179 55 162 45 141 34 
7 
11 

- - - - - - 

16 
- 

- 
- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

Average 175 53 155 41 139 33 

BE50SC 50: 50 2 148 35 127 26 109 19 

4 - - - - - - 
7 
11 - - - - - - 
16 - - - - - - 

Average 148 35 127 26 109 19 
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Table 7.5 Summary of BE tests for (averaged) SD 

Test No. 
Sand : Rubber 

Ratio 
f io 

(kHz) 

First Arrival 
(FA) 

V, 
ý mu 

(m/s) (MPa) 

Peak to Peak 
(PP) 

V, G 
t mýa 

(m/s) (MPa) 

Cross 

V, ý 

(m/s) 

Correlation 
(CC) 

G 
mýa 

(MPa) 

BE95SD 95: 5 2 213 89 213 89 196 75 
4 214 90 210 86 209 86 
7 219 94 213 89 208 85 
11 225 100 214 90 208 85 
16 230 103 216 91 206 83 

Average 220 95 213 89 205 83 

BE90SD 90: 10 2 202 79 197 75 188 68 

4 211 86 206 82 203 80 

7 218 92 210 86 204 80 

11 222 95 213 87 205 81 

16 228 101 214 89 199 77 

Average 216 91 208 84 200 77 

BE80SD 80: 20 2 184 63 172 55 167 52 

4 198 73 192 69 187 65 

7 208 81 200 75 189 66 

11 - - 
16 - - - - - - 

Average 197 73 188 66 181 61 

BE70SD 70: 30 2 209 79 193 67 186 62 

4 214 83 202 74 190 65 
7 
11 

215 83 206 76 193 67 

16 
- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

Average 213 81 200 72 189 65 

BE60SD 60: 40 2 179 55 161 45 137 32 
4 195 66 178 55 136 32 
7 - - - - - - 
11 - - - - - - 
16 - - - - - - 

Average 187 60 170 50 137 32 

BE50SD 50: 50 2 161 43 147 36 140 32 

4 173 49 157 41 148 36 

7 173 49 162 43 148 36 

11 - - - - - - 
16 - - - - - - 

Average 169 47 155 40 146 35 
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7.3.2 Shear Moduli (Including G from undrained cyclic triaxial tests) 

Apart from the damping factor, the shear modulus is one of the most important 

parameters used in analysis and design involving seismic loading. As the shear modulus 
is dependent on the shear strain level, many devices have been developed to provide the 

soil stiffness at various strain levels. For example, at very small strain at which the shear 

modulus is called a small-strain shear modulus or Gm., the most suitable test technique 

is by measuring the shear wave velocity thereby obtaining the shear modulus. At 

modulate levels of strain the resonant columns, with both solid and hollow specimens, 

are normally used. At larger strains the shear modulus is obtained by means of the 

cyclic triaxial test, cyclic simple shear test, and cyclic torsional shear test. 

This section presents the shear modulus for larger cyclic shear strain obtained 
from the undrained cyclic triaxial tests from Chapter 6 as well as the shear modulus at 

very small cyclic shear strain level obtained from the bender element tests. 

For the BE test, the shear modulus was determined directly after obtaining the 

shear wave velocity utilising the density of a specimen. For undrained cyclic triaxial 

test, however, it is not that straightforward. To determine the shear modulus from the 

cyclic triaxial test, first the cyclic shear strain y was determined using the following 

equation: 

Y=(l+µ)'£a (Eq. 7.12) 

295 

Fe = 2.1964 - 0.3698 In (Dr/Ds)-ýb 



Chapter 7 Bender Element Tests 

where: 

,u= Poisson's ratio, and 

Ca = axial strain. 

In this research because all specimens were fully saturated before subjecting to 

undrained cyclic loading, the Poisson's ratio therefore was assumed to be 0.5 (Bishop 

and Hight, 1977; Rollins et al., 1998). 

Next, the elastic modulus (E) was determined by taking the relationship between 

the cyclic deviator stress (q, y, ) and the axial strain (s), as follows: 

E=qy,, (Eq. 7.13) 

Note that the elastic modulus determination by means of the cyclic triaxial test is 

illustrated by Figure 7.48. The shear modulus G then was obtained by the following 

equation: 

G= 
E 

z"(1+µ) 
(Eq. 7.14) 

It should be stressed that both E and G are dependent on the strain level. If the 

cyclic loading applied is constant throughout, the strain will gradually increase, hence 

decreasing E and G. This can be clearly seen when considering Figure 7.49 illustrating 

the gradation of shear modulus against the shear strain. 

Deviator Stress, gcyc E 

qcyelo- Axial Strain, Ca(%) 

--- ---2 --L 
ca_ 

Figure 7.48 Elastic modulus determination by cyclic triaxial test 
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it Strain, T 

Figure 7.49 Hysteretic stress-strain relationships at different strain amplitude (after Rollins et a!., 
1998) 

In practice, the shear modulus is normalised by its maximum value, i. e., GIG,,,., 

for the sake of employing the curve in the analysis and design. The relationships 
between G/Gm. and cyclic shear strain for sand-tyre chip mixtures SA, SB, SC, and SD 

are illustrated by Figure 7.50, Figure 7.51, Figure 7.52, and Figure 7.53, respectively. It 

was observed that the cyclic shear strain levels generated by the undrained cyclic 

triaxial test were approximately between 0.03 - 10%. However, the cyclic shear strain 

generated by the BE test was assumed to be as low as 0.0001%. In addition, as 

mentioned before, this research did not cover the shear modulus for the cyclic shear 

strain ranging between 0.0001 - 0.03%. Thus, to complete the whole picture of the 

stiffness gradation the interpolation between those two sets of data was required. This 

was done by acquiring the missing data (G/Gn, values between 0.0001 - 0.03% cyclic 

shear strain) provided by Rollins et al. (1998). 

To be able to observe and compare the characteristics of stiffness degradation 

between pure sand and sand-rubber mixtures, three interpolated curves were plotted for 

each mixture SA, SB, SC, and SD; (1) pure sand, (2) sand mixed with 5% rubber, and 
(3) sand mixed with 50% rubber. 

It was observed that the gradation of shear modulus for pure sand was very 

similar to those of SA, SB, SC, and SD, having 5% rubber. This suggests that, in terms 

of stiffness, there was only a very marginal effect when 5% of rubber was added, 

regardless of the size of tyre chips mixed. When the rubber was increased to 50%, 
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however, the curve was shifted to the right significantly, especially for SA (Figure 

7.50). However, when considering all mixtures SA. SB, SC, and SD, it was found that 

the bigger the size of tyre chips mixed the narrower the gap between the curves for 5% 

and 50% rubber. This is obvious when all curves shown in Figures 7.50 - 7.53 were 

plotted together in Figure 7.54. The gradations of shear modulus versus cyclic shear 

strain obtained from the interpolated curves are summarised and shown in Table 7.6. 
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Table 7.6 C/Gmax for pure sand, SA, SB, SC, and SD 

G/Gmax 

Cyclic Shear 
Strain. Y 

ear 
Pure Mixtures with 5% Rubber Mixtures with 50% Rubber 

Sand SA SB Sc SD SA SB SC SD 

0.0001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

0.0003 0.988 0.982 0.993 0.989 0.989 0.990 0.994 0.989 0.989 

0.001 0.970 0.955 0.983 0.972 0.972 0.980 0.984 0.973 0.973 

0.003 0.923 0.905 0.953 0.948 0.943 0.965 0.973 0.960 0.960 

0.01 0.705 0.633 0.739 0.745 0.758 0.938 0.938 0.933 0.894 

0.03 0.400 0.318 0.448 0.450 0.450 0.800 0.748 0.725 0.618 

0.1 0.145 0.110 0.170 0.160 0.160 0.473 0.413 0.385 0.288 

0.3 0.060 0.045 0.064 0.061 0.068 0.223 0.193 0.183 0.125 

1 0.014 0.017 0.023 0.015 0.025 0.110 0.090 0.055 0.056 

3 0.006 0.005 0.007 0.007 0.007 0.063 0.038 0.033 0.030 
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With regard to Figures 7.50 - 7.53 (especially Figure 7.50 and Figure 7.51) 

showing G/G,,, versus y, due to a lack of previous study, the curves for 50% rubber 

were obtained by interpolation having a shape similarly to those of mixtures with 5% 

rubber. However, this needed to be done for the purpose of the seismic response 

analysis to be reported and discussed later in Chapter 8. Therefore, they must be treated 

with caution. 

It can be seen that the gradation of shear modulus is a hyperbolic form when 

plotted utilising semi-log scale. Seed and Idriss (1970) proposed the equation for best-fit 

G/G, nax versus y for sand (see Figure 7.55); it was plotted with 15 other investigations 

collected by Rollins et al. (1998). The best-fit equation for hyperbolic curve by Seed 

and Idriss (1970 is shown below: 

G_1 

Amax [1"2+16y(1+10(-20T))] 
(Eq. 7.15) 

1.0 

0.8 

0.6 

0 
0 

0.4 

02 

nn 

Iz rrest-Flt Curviind 

" Standard Devialcn 

" ' "e r 'ý 
. 

Bounds. This Study 
so s "'i'" x 

"" f ti i " o % 
,g 

"4I 

s This Study 
a 

"tN" s  

  Gcto at at. (1994) 
" 

- 
a Gota et al. (1992) "" "a 

x Hatanaka ei at. (ta! ) 0" 
!a Matanasa and Uchida (1995) M 

e 00 
%" 

" t"tymes (1988} "Sd"y 
fIdae1al. (1954) "o " 't aý 

. Kokusho el al. (1994) 
K l 

"" lis, w" 
. onnO et a , 

(121s4) 
", w 

" 5ood of al. (1956) , " "% ". as 
a Shamolo et it (I W) " 

,' Lý 
' e Shibuya et at. (1990) ."i " 

~ ` '' 
r Scuto nt ai. (19ya} A. uips of Data (a Sand " "M 
" Yasuda e Mj'sumolo (1994) Seed and Idrss (1973) "N O YARUda *d MBA*umolo (1993) 

4, 

0.0001 0.001 0.01 0.1 
Cyclic Shear Strain (%) 

Figure 7.55 GIG,., = versus y relationships for gravelly soils along with best-fit curve and f one 
standard deviation bounds for entire data set (after Rollins et a!., 1998) 

301 



" 
Chapter 7 Bender Element Tests 

This research adopted the equation proposed by Seed and Idriss (1970) to fit the 
data points for the test sand shown in Figure 7.54 by rewriting Eq. 7.15 to be: 

G_1 
Gmax [A+By(C+D('EY))] (Eq. 7.16) 

There are five variables; A, B, C, D, and E, in Eq. 7.16. By varying all variables 
the outcome was the equation. that reasonably fitted the data points for the sand tested, 

as shown below: 

G_1 

Gmax [1+15.7y(1.3+0.85(-20Y))] (Eq. 7.17) 

For sand mixed with tyre chips SA, SB, SC, and SD, however, it was found that 

Eq. 7.16 needed to be modified by keeping three variables but varying the other two; the 

rewritten equation for best-fit for sand mixed tyre chips is: 

G=1 
Gmax [1+By(C+0.76(-20Y))] 

(Eq. 7.18) 

where: 

B=9.6,6.1,5.2,4.6 for SA, SB, SC, SD, with 5% rubber, 

= 9.8,6.5,5.9,5.4 for SA, SB, SC, SD, with 50% rubber, 

C=4.5,4.9,6.2,6.4 for SA, SB, SC, SD, with 5% rubber, and 

= 0.2,0.85,1.1,2.7 for SA, SB, SC, SD, with 50% rubber. 

7.3.3 Damping Ratios (from undrained cyclic triaxial tests) 

Damping ratio is the ratio that describes the loss of energy of a material or system. The 

damping ratio is dependent on the level of shear strain, similar to the shear modulus but 

in the opposite way, i. e., the larger the shear strain the greater the damping ratio. For a 

cyclic triaxial test, given a stress strain loop illustrated by Figure 7.56, the damping ratio 

can be determined by Eq. 7.19. 
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Axial Strain 

Figure 7.56 Damping ratio determination from cyclic triaxial test 

D_1 area of hysteris loop (E q. 
21r (area of triangle A08)+(area of triangle COD) 

qý 

The damping ratios in per cent for SA having rubber contents of 5,10,20,30, 

40, and 50% are illustrated by Figure 7.57(a) - (f), respectively. They also include the 

values for pure sand in order that the effect of rubber content could be investigated. For 

the mixtures SB, SC, and SD, the damping ratios are illustrated by Figures 7.58 - 7.60, 

respectively. In addition, for all SA sand to rubber ratios, the damping ratios were 

plotted together for further analysis, and are shown in Figure 7.61. Figures 7.62 - 7.64 

show the results for all sand to rubber ratios of SB, SC, and SD, respectively. 

Considering the damping ratio at 0.1% cyclic shear strain, it was observed that 

the value for SA with 5% rubber was just slightly greater than that of pure sand, 

suggesting that this small amount of rubber has very little effect on the damping value. 

When the rubber was increased to 10% for SA, however, its damping ratio was visibly 

greater than that of S, but still not significant. A substantial difference was observed 

only when the rubber was increased to 20%, which was almost three times greater. As 

the rubber was increased to 30% and higher, even though no data exists at the same 

cyclic shear strains as for pure sand, it may be assumed that their values are higher. 

The behaviour of the damping ratio for SB and SC. was observed to be very 
similar; hence, they may be reported and discussed as a group. For the mixtures having 

5 and 10% rubber, it can be seen that the damping ratios were considerably higher than 
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those of pure sand and SA with the same rubber content. The damping ratio was 

observed to be even greater when the rubber was increased to 20 and 30%. However, 

when the rubber was increased to 40 and 50%, the generated damping ratios occurred at 

the cyclic shear strain much greater than 0.1%. Thus, they could not be compared with 

pure sand. Nonetheless, they may also be assumed to be much higher than that of pure 

sand. 

For SD the behaviour of the damping ratio was observed to be slightly different 

to SB and SC. At 5% rubber, the damping ratio was higher than that of pure sand, but 

slightly less than those of SB and SC. This was also the case for the mixtures containing 

rubber contents of 10,20, and 30%. Similar to SA, SB, and SC, the damping ratios for 

SD having rubber contents of 40 and 50% w ere observed at ac yclic shear strain 

considerably greater than 0.1%. It should be noted that for SA, SB, SC, and SD having 

rubber contents of 40% and higher, the reason the damping ratios were observed at 

much higher cyclic shear strain is that they required greater cyclic deviator stresses to 

trigger the liquefaction. As such, the range of cyclic shear strain generated was larger 

compared to the mixtures having lower amounts of rubber. 

It is interesting to compare the damping ratio of the test sand with other studies. 
For example, at 0.1% cyclic shear strain, it can be seen that the damping ratio for pure 

sand was approximately 5%. Rollins et al. (1998) studied the shear modulus and 
damping relationships for gravelly sands having mean particle size of 0.5mm by 

employing cyclic triaxial tests with I OOkPa confining pressure similar to this research. 
Their results showed that the damping ratios at 0.1% cyclic shear strain with respect to 

upper and lower bounds were 2% and 6% (see Figure 7.65), which is quite similar to 

this research. 

Moreover, the damping ratio of Fraction E silica sand saturated with silicone oil 

at 50cS viscosity was investigated by using dynamic centrifuge test (Brennan et al., 
2005). The results, as illustrated by Figure 7.66, shows that at 0.1% shear strain the 

damping ratio is about 6%, also comparable to this research. 
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CHAPTER 8 

SEISMIC RESPONSE ANALYSIS BY 
EQUIVALENT LINEAR MODEL 

8.1 Introduction 

When an earthquake strikes, the direct consequence is that the ground shakes with the 

possibility of structural damage depending on the level of shaking. For geotechnical 

engineers, however, landslides and soil liquefaction are of more concern. Before these 

problems can be examined, the characteristics of ground motion must be first 

appreciated. To be able to compute the ground motion as well as its consequences, both 

basic soil properties and an understanding of the behaviour of the soil under dynamic 

loading are needed. 

The aim of this chapter is to demonstrate how to harness the test data obtained 
from the undrained cyclic triaxial tests and the bender element tests for analysing the 

ground response caused by an earthquake. A typical example of layered soil comprising 

sands and clays sitting on bedrock has been presented. This has then been modified by 

introducing the materials whose dynamic properties have been examined in this thesis 

tested, resulting in eight different scenarios. 

The acceleration used for the seismic analysis was obtained from 1989 Loma 

Prieta earthquake. A computer program called Equivalent-linear Earthquake Response 

Analysis, EERA for short, was employed to analyse the ground response, giving 

resultant ground accelerations, shear strains, and shear stresses. The analysis of the 

liquefaction potential for all scenarios was also included. 
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8.2EERA program 

EERA (Bardet et al., 2000) is a computer program for the analysis of site response 

caused by earthquake shaking. It was developed at the University of Southern California 

in 1998 using a computer language FORTRAN 90; nonetheless, the input and output are 
fully integrated within the spread sheet software Excel. 

Its basic concepts are the same as the well-known software SHAKE (Schnabel et 

al., 1972) that has been the standard software for geotechnical earthquake engineering. 
As the name suggests, the concepts of an equivalent linear approach are implemented 

for the analysis. Note that the equivalent linear approach employs the stress-strain 

response of a soil based on a Kelvin-Voigt model at which the shear stress 'r depends on 

two factors: (1) the shear strain y and (2) the rate of shear strain dy/dt. The full details of 

the equivalent linear model can be found in Kramer (1996) and Bardet et al. (2000). 

8.3 Examples of EERA Analysis 

8.3.1 Earthquake Data 

The acceleration used for the analysis was from within an example in EERA; it was 

obtained from the measurement at Diamond Heights during the 1989 Loma Prieta 

earthquake having a moment magnitude MW of 6.9. The time step for the constant time 

interval separating the acceleration values defining the earthquake input motion was 
0.02s. The recorded acceleration is illustrated by Figure 8.1(a). The peak acceleration 

recorded was -0.1129g; the time at which the acceleration peaked was 10.94s. The 

recorded acceleration was filtered using a cut-off frequency of 25Hz; the filtered 

acceleration is illustrated by Figure 8.1(b). 

The compatible shear modulus and damping ratio were calculated using the 

shear strain ratio; which is the ratio of the equivalent uniform shear strain (effective 

shear strain as used in the program) to the maximum shear strain. The equivalent 

uniform shear strain can be calculated from the relationship (M-1)/10 where M is an 

earthquake magnitude. -This relationship was suggested by AIJ (2001) and Orense 

(2005). 

The reason for using the concept of the shear strain ratio for the analysis is based " 

on the assumption that the onset of soil liquefaction is influenced by the number of load 
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cycles. The acceleration observed indeed shows the maximum acceleration that has 

nothing to do with the number of load cycles (Orense, 2005). Thus, it is necessary to 

convert the maximum shear strain to a uniform shear strain so that the analysis can be 

based on the repeated load cycles. 
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Figure 8.1 Acceleration from the Loma Prieta Earthquake 

8.3.2 Details of Layered-Soils 

EERA provides an example of layered soils that was used for the following 

demonstration. The example comprises 17 layers, including two types of soil; sand and 

clay sitting on bedrock. Working from the top of the bedrock are layers of the sand, 

followed by four layers of clay; then the final four layers are the sand. The basic and 
dynamic soil properties as well as the layer thickness of the original example are 
illustrated by Figure 8.2. 
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-0.10 

Filtered Acceleration 
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The details of the layered soils from the clay downwards were kept unchanged. 

Layer 1 was further divided into two sub layers resulting in a total of 18 layers. The 

ground response analysis was done by replacing the top five layers of the example by 

the materials that had been tested in this research, namely Leighton Buzzard 16/30 sand, 

the mixture 50SD (50% sand + 50% tyre chips CT4010), and the mixture 95SD (95% 

sand + 5% tyre chips CT4010). This was because the dynamic properties were already 

available. The sand and the mixtures were altered within the top five layers, resulting in 

eight scenarios, as shown by Table 8.1. In addition, the water table level was assumed to 

be at the bottom of layer 2, depth -1.5m; and, these conditions were applied to all 

scenarios. This was intended to create a saturated soil below the water table in order that 

the liquefaction potential could be analysed. 

The soil profile and properties used for EERA for scenario 1 are illustrated by 

Figures 8.3 and 8.4, respectively. For scenarios 2-8, they are illustrated by Figures 8.5 

and 8.6, Figures 8.7 and 8.8, Figures 8.9 and 8.10, Figures 8.11 and 8.12, Figures 8.13 

and 8.14, Figures 8.15 and 8.16, and Figures 8.17 and 8.18, respectively. 

Apart from the properties shown in the soil profiles, two important dynamic 

properties are needed for the seismic response analysis, the shear modulus and the 

damping ratio. For the clay and the sand the typical values which come with the 

program were employed (see Figure 8.19(a) and (b), respectively). 

For Leighton Buzzard 16/30 sand, the shear modulus employed was obtained 
from the undrained cyclic triaxial tests as well as the bender element tests as previously 

reported in Chapters 6 and 7, respectively. However, the damping ratio obtained from 

the cyclic test covered a very limited range of shear strains. Thus, for convenience and 

demonstration purposes, the damping curve for Leighton Buzzard 16/30 sand was 

determined by scaling typical sand provided by 60%. Nevertheless, this was based on 

the principle that the scaled values should be approximately similar to those of Leighton 

Buzzard 16/30 sand at the same shear strain obtained from the cyclic triaxial test. These 

were the same for the 5OSD and 95SD mixtures, except that the damping ratio curve for 

the clay was scaled by 85% and 90%, respectively. 
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The shear modulus and damping ratio curves for Leighton Buzzard 16/30 sand 

as well as the mixtures 5OSD and 95SD are illustrated by Figure 8.19(c), (d), and (e), 

respectively. For the bedrock the curves are illustrated by Figure 8.19(f). 

Table 8.1 Scenarios for layered soils for EERA analysis 

Layer Thickness Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario 
Note 

(m) 1 2 3 4 5 6 7 8 

16/30 16/30 16/30 16/30 16/30 16/30 16/30 16/30 
1 0.76 Sand Sand Sand Sand Sand Sand Sand Sand 

16/30 16/30 16/30 16/30 16/30 16/30 16/30 16/30 Water 
2 0.76 Sand Sand Sand Sand Sand Sand Sand Sand Table 

16/30 16/30 16/30 16/30 
3 1.52 

Sand Sand Sand 
5OSD 5OSD 50SD Sand 

95SD 

16/30 16/30 16/30 16/30 
4 3.05 

Sand Sand 5OSD Sand 5OSD 5OSD Sand 
95SD 

ý^ R 
16/30 16/30 16/30 16/30 5 3.05 
Sand 

50SD Sand Sand Sand 5OSD 95SD 95SD 
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8.4 Results 

The EERA results for scenarios I-8 arc summarised in Tables 8.2 - 8.9. respectively, 

which present the details of the layered soils and the maximum values of acceleration 

a,,,., shear strain ym., and shear stress for each layer. Ilowever, for the liquefaction 

analysis the maximum shear stress had to be factored by 0.65 in order to obtain the 

compatible uniform cyclic shear stress zr,. Next, the cyclic stress ratio induced by the 

earthquake (induced CSR, M. - 6.9) was computed by dividing r by the vertical 

effective stress a',,. 

To determine the liquefaction potential the resistance to liquefaction of the 

materials must be kno%%m. Note that this was already obtained and reported in Chapter 6: 
The CSR values for the sand, mixtures 5OSI) and 95SD were 0.167,0.220, and 0.196 

respectively. However they were the CSR values obtained at 20 cycles of uniform cyclic 

stress corresponding to an earthquake with a magnitude of about 7.5 (Prakash, 1981). 

Thus, a factor was needed to multiply the CSR (At. - 7.5) obtained so that they became 

the CSR (M - 6.9). This factor has been known as Magnitude Scaling Factor, or A1. SF; 

and, the following proposed by Andrus and Stokoc (2000) was employed: 

I. S6 
MSF=(gis) (eck. 8.1) 

Substitution of tf of 6.9 into Eq. 8.1 rcsultcd in an , t1. Sl"' of 1.238. Applying this 
factor to the CSR (At, - 7.5), resulted in the CSR (, tfw - 6.9). Now, the induccd CSR 

and the CSR were for the same magnitude earthquake; and, the liquefaction potential 

was examined by comparing these two CSRs, as shown below: 

FS, = 
CSR 

Induced CSR 
(Eq. 8.2) 

where FSL is factor of safety against liquefaction. The liquefaction would occur 
if FSL is lo«"cr than 1.0. 

The maximum acceleration against depth for scenarios 1-8 is illustrated by 

Figure 8.20(a) - (h), respectively. In addition, the acceleration curves for scenarios I-8 

were plotted all together, and shown in Figure 8.21. For the maximum shear strain, the 

curves for each scenario are illustrated by Figure 8.22(a) - (h); and, they w ere plotted 

all together, and shown in Figure 8.23. The curves for the maximum shear stress and the 
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cyclic shear stress against depth for each scenario and for all scenarios arc illustrated by 

Figure 8.24 and Figure 8.25, respectively. 

Considering layer 1, it was observed that scenario 1 which employed the sand 
for all layers (1 to 5) produced the least acceleration; which was almost identical to that 

produced by scenario 8, but slightly greater. For scenario 6 that employed the mixture 
50SD for layers 3 to 5, the acceleration was the greatest (sec Figure 8.21 for 

comparison). This indicates that sand-rubber mixture when deposited according to 

scenario 6 in fact amplifies the ground acceleration. These findings can be confirmed 

when considering the ground acceleration for scenarios 2,3,4,5, and 7 of «hick also 

employed the mixtures at a layer or layers: the acceleration generated by these scenarios 

was quite greater than that of scenario 1. 

It has been recognised that softer soil amplifies the acceleration. This was 

evident in the 1985 earthquake in Mexico. The area affected by the earthquake can be 

divided into three zones with respect to different subsurface conditions: 1) Foothill 

Zone (shallow) comprising compact deposits of mostly granular, basalt, or volcanic tuff, 

2) Lake Zone comprising thick deposits of very soft soils, and 3) Transition Zone 

comprising a thin layer of sott deposits interspersed with alluvial deposits. It was found 

that the acceleration recorded in the Foothill Zone Was quite low, just 0.03 to 0.04g. The 

acceleration in the Transition ?, one was slightly greater than that of the Foothill, but still 

quite low. I lowevcr, the measurements at lake Zone were live times greater than those 

at the Foothill (from Kramer, 1996). 

The maximum shear strain for scenario I was observed to gradually increase for 

layer I to layer 5 from approximately zero to just over 0.03%. From layer 5 downwards 

and before the bedrock the maximum shear strain was quite consistent at about 0.03% 

(see Figure 8.22(a)). When the mixture SOSO was introduced at layer 5 (scenario 2, sec 
Figure 8.22(b)) the shear strain from layers I to 4 was observed to be quite similar to 

that of scenario I; but, it increased dramatically at layer S. From layer 5 downwards, 

however, the behaviour of the shear strain was quite similar to that of scenario 1. This 

distinctive behaviour was also found for scenario 6 (sec Figure 8.22(0). For scenarios 3, 

4, and 5 (see Figure 8.22(c), (d), and (e) respectively) the shear strains wcre observed to 
be very similar: the maximum values were observed at layer 4, regardless of %%, here the 

mixture was deposited. 
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The maximum shcar strains for scenarios 7 and 8 (sec Figurc 8.22(g) and (h) 

respectively) were observed to be quite similar to those for scenario 1, especially in the 

case of scenario 8. This may be because of the similarities of the dynamic properties 
between the sand and the 95SD mixture. 

Unlike the maximum acceleration and the maximum shear strain, the behaviour 

of the maximum shear stress and the cyclic shear stress for all scenarios were observed 
to be quite similar, whether employing pure sand or the 50SD and 9SSD mixtures. 
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Table 8.2 EERA results for scenario I 

Layer Type Middle' 
(-) 

d" 
(kPa) (t) (x) ON 

1 
C'SR 

(LPa) 
CS RK 

(M, -7.3) (31. "6,9) 
FSr4 Litivefaclo. 

1 16130 fand 0.38 7.3 0.21135 000154 157 102 0 137 0 167 0207 N/A N/A 
2 16/30 tend 1.14 22.4 0.21127 0 00471 4.71 306 0 137 0.167 0207 WA N/A 

3 16130 sand 219 37.3 0.21043 000961 9.36 609 0.163 0167 0.207 1.27 No 
4 16/30 sand 4.57 596 0 20709 0.01974 18.30 1203 0.202 0.167 0.107 1-02 No 
5 16/30 sand 7.62 993 0.20072 0.03429 3049 1981 0 222 0.167 0207 0 93 Yes 
6 clay 1067 119.2 018848 002497 419.9 27.18 0228 N/A WA N/A N/A 
7 clay 13.72 1492 0.17710 0.03207 32 43 34 08 0 228 N/A NIA N/A WA 

8 clay 16,76 179.3 0.15973 0 03129 6.103 4031 0.225 N/A N/A N/A N/A 

9 clay 19.81 209.3 0.14059 003603 70.50 45 82 0219 WA N/A NWA WA 

10 sand 22.86 2401 0.11807 003400 77.71 5051 0.210 N/A WA WA WA 

II Sand 2591 2729 0.11062 0.03761 83.58 $4.33 0199 N/A N/A N/A N/A 

12 sand 2896 303.3 0.10132 0 03283 87.86 57.11 0187 N/A N/A WA N/A 

13 sand 32-00 337.8 0.10137 0 03430 9070 3896 0.173 WA N/A N/A WA 

14 sand 3505 370-2 0 09714 0 0.1949 9322 6060 0.164 WA WA N/A WA 

15 say d 3810 4026 009321 0 03090 9649 62.72 0156 WA WA N/A N/A 

16 sand 41.15 4350 008941 002617 9903 64.37 0148 N/A WA N/A WA 
17 sand 44.20 4674 0 08697 0 02013 100 85 6$55 0.140 WA N/A N/A WA 
19 bedrock 45 72 4917 009708 0 00109 102 87 66 16 0138 N/A N/A NU N/A 

Table 8.3 EFRA results for scenario 2 

Layer 13 Pe 
Ikpua a' 
Middle °ý» a""" 7""" 

(M) (LPa) (t) (%) 
ý""" ý", " 

(6Pa) (kPa) 

Induced 
(; %R OR C: hK IS IJ ueracaua (ll. f 7.5) f ý1. " 6.9) 4N 

1 16/30 sand 0.38 7.5 0.25518 0 00192 1.90 1.24 0.166 0167 0207 N/A N/A 
2 16/30 and 1.14 22.4 015495 0.00591 5.70 3.71 0,166 0167 0,207 N/A WA 
3 16130 %and 2,29 37.3 015423 0 01231 11.37 7.39 0.198 0,167 0,207 104 No 
4 16/30 sand 4.57 596 025112 0.03035 22,46 1460 0.245 0.167 0.207 0 84 Yca 

5 SOSD 7.62 $40 013442 0.12834 34 67 22,54 0 268 0.220 0.272 1.02 No 
6 clay 10.67 108.7 0.16475 002631 43 85 28.30 0.262 WA N/A N/A N/A 

7 clay 13,72 138.7 0.14973 0.03239 52.91 34.39 0.248 WA WA N/A N/A 
8 clay 16,76 168.7 0.12830 0,03057 60.77 39.50 0134 N/A WA N/A WA 
9 clay 1981 198,7 0.11715 0.03427 6736 43,78 0,220 N/A N/A WA N/A 
10 : and 2186 2300 0.11184 0 03081 72.44 47.09 0.205 N/A N/A WA N/A 
II und 25.91 2614 0,11069 003314 76,27 49.58 0189 N/A WA WA N/A 
12 ww 28.96 2918 0.11146 0.02858 79,36 $1,51 0,175 N/A WA WA WA 
13 und 32.00 3271 0.10813 0.03055 83.35 54.18 0.166 WA N/A WA N/A 
14 Saw 35.05 359.6 0.10047012611S 8699 56.54 0.157 N/A N/A N/A WA 
15 sand 38.10 392.1 0091770.02806 8987 58.41 0,149 N/A WA WA WA 
16 sarxl 41.15 424.5 0.08751 0.02429 91.83 5969 0.141 N/A NIA N/A N/A 
17 und 44.20 456.9 0.08668 0.01808 92.92 60.40 0,132 WA WA N/A WA 
I8 bedrock 4572 4731 008602 000280 93 36 6068 0 122 N/A N/A N/A AUA 
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Table 8.4 EERA results for scenario 3 

Iaycr Type 
Dlb 
Middle' d"" a. 1'.. 

(m) (LPs) (1) (%) 
T.., if" 

(LIPS) (LPN) 

laCSu 

( 
OR 

%I" " 7.5) ( 
K IN 

-4 %1� -6.9) 

1 16130 sand 0,3E 7.3 0.25373 0.00191 1.88 1.23 0.164 0.167 0.207 WA N/A 
2 16130 sand 1.14 22.4 0.25330 0.00586 3,63 3.6E 0.164 0.167 0207 N/A WA 
3 16/30 sand 2.29 37.3 0.23195 0 01222 11.2E 7.33 0.197 0,167 0107 1.05 No 
4 30SD 4,57 543 0.24766 0 06704 2094 13-13 0.249 0.220 0172 109 No 
3 16/30 sand 7.62 788 0.20518 0,03332 32.05 20.83 0.261 0.167 0.207 0.7E Yes 
6 clay 10 67 108.7 0,17342 002339 42.46 27,60 0.234 WA WA N/A N/A 
7 clay 13.72 138.7 0.16083 0,0316E 51-86 33.71 0.213 WA N/A WA WA 

8 clay 16,76 168.7 0.14233 0.0303E 60.42 39.27 0,233 N/A WA WA WA 
9 clay 1981 198.7 0.12633 003457 67.19 44 13 0.222 WA WA WA WA 
10 und 22,86 230.0 0.11323 0.03204 74 42 48.37 0.210 N/A WA WA N/A 
11 sand 25.91 262.4 0,10577 0 03334 7991 31.94 0119E N/A N/A WA WA 
12 sand 28.96 294E 0.100)60 03091 84.06 3464 0.115 WA N/A WA WA 
13 und 32.00 327.2 0.09820 0 03237 86.94 56 71 0.173 WA N/A N/A WA 
14 sand 35.05 3596 0093970-02903 1980 58.37 0.162 WA N/A WA N/A 
IS und 38.10 3911 009389 00. '9)8 92.97 60.43 0,151 N/A WA WA N/A 
16 sand 41.15 424.3 009126 002347 93.14 61.81 0.146 N/A WA WA N/A 
17 rand 44.20 456.9 0 09102 0 01897 96.39 62.63 0.137 WA WA WA N/A 
18 bedrock 45 72 4731 008908 0002'x1 9121 61 85 0 Ili N/A N/A N/A N/A 

Table S. 5 EERA results for scenario 4 

Layer Type 
Drpeh at a Middle "' 

(M) (Lm) (2) (%) Ikpr) tMl'al 

Induced 
(; ºR 

(m. -6.9) 

LSu C%R $NJ Ugactactioa (%I_-74) 1l1.; 6.9) 

16/30 sand 0.38 73 023479 000176 1J5 1.14 0.152 0.167 0.207 WA WA 

2 16/30 and 1.14 224 0.23439 0 00339 5,22 3.39 0.152 0,167 0,207 N/A WA 
3 SOSD 2.29 346 0.23315 0.02747 966 62E 0.1111 0,220 0 272 110 No 

4 16/30 sand 4.57 343 022067 0.02339 18 80 12.22 0225 0,167 0,207 0 92 Yes 
5 16/30 sand 7.62 84.0 0.21032 0 0323E 31.21 20.29 0.241 0,167 0207 0 86 Yes 
6 clay 10,67 113.9 0.18425 002532 42.35 27.53 0242 WA WA N/A N/A 
7 clay 13.72 1440 0.17059 0.03214 52.34 3415 0.237 N/A N/A WA WA 
8 clay 16.76 1740 0.13227 0.03101 6168 4009 0 230 N/A N/A N/A N/A 
9 clay 19.81 204.0 0.13364 0.03539 6969 43.30 0.222 WA N/A WA N/A 

10 sand 22.86 235.2 0.11737 0.03331 76.56 49.77 0,212 WA WA WA N/A 
it und 25.91 267.6 0.1090$ 0.03675 92.20 53 43 0.200 WA N/A WA WA 
12 rand 28.96 300.1 009972 0.03206 86.35 $6.12 0.187 WA WA N/A WA 
13 sand 32.00 332.3 009818 003341 89,12 57.93 0,174 N/A N/A N/A NIA 
14 sand 35.03 361.9 0.09273 002892 9148 $9.72 0.164 WA N/A N/A N/A 
IS und 38,10 397.3 0.08959 0.03036 95.23 61.90 0.156 NIA N/A WA WA 
16 sand 41.15 429E 0.0875E 002640 97.72 63.52 0.14E N/A WA WA N/A 

17 sand 44.20 462.2 0.08897 0.0196E 99.13 64 43 0.139 N/A N/A N/A WA 
18 bedmck 45.72 4784 00888100010l 10058 6537 0 137 N/A N/A N/A WA 
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Table 8.6 EERA results for scenario 5 

Layer Type 
Depth at 
)fiddle 

(m) 

T. 
ON (E) (%) 

ý.. ' 
(LIPS) 

Iadaud 
T"` týR 

(LPa) ( 
OR 4ýK 

. 1. a 7ä) (M. a 6.9) FSJ, 4 ligrefutloa 

1 16/30 sand 0.3E 7.5 016232 0 00197 l9S 1.27 0 170 0 167 01.07 N/A N/A 

2 16/30 sand 1.14 22.4 0-16131000603 5 82 3.7E 0.169 0 167 0207 N/A N/A 

3 5OSD 2.29 346 0.26033 0 03145 1092 7.10 0205 02.10 0272 1.33 No 

4 SOSD 4.57 490 0.24670 0 06305 19 t4 1219 0 263 0 220 0 272 1 04 No 

S 16/30 sand 7.62 73.3 0.20923 005202 3102 2016 0.274 0 167 0.101 0.75 Y" 
6 clay 1067 103,4 0.17532 002478 41.33 2700 0.261 N/A WA WA WA 

7 clay 13.72 1334 0.16125 0 03117 51.11 3322 0 249 WA N/A N/A N/A 

8 clay 16.76 1634 0.14466 0 03002 59.77 3183 0.23E N/A N/A WA N/A 

9 clay 1981 193.5 0.12862 0 03433 6747 43 83 0 227 N/A N/A N/A N/A 

10 sand 2286 2.147 0.11445 003192 7420 432) 0215 N/A N/A N/A N/A 

II sand 25.91 257.1 0.10607 0 01532 7917 $192 01.02 N/A N/A WA N/A 

12 sand 2196 2895 009191 0 03097 84 19 $473 0.189 N/A N/A N/A WA 

13 sand 3200 321.9 0096310 03252 8725 56-71 0176 N/A N/A N/A N/A 

14 sand 3505 3544 00936E 002E15 9007 5E53 0.16$ N/A NIA N/A N/A 
is sand 3810 3M I 0.09404 0 02931 9217 6037 01% N/A N/A N/A N/A 

16 sand 41.15 4192 009163 0 02547 95.14 61 81 0.148 N/A N/A WA N/A 
17 sand 44 20 4 316 0 09114 0 01910 96 91 62 99 0139 WA WA N/A N/A 
19 bedrock 4572 4678 009926 000297 9901 6434 013E N/A N/A N/A N/A 

Table 8.7 EERA results for scenario 6 

Layer Tape 
ikpl\ al dw aý T. A(MJ; le 

(k'$) (R) 4%) (kta) (Ira) 

Induced 
ý 1I 

Cýk CSR 1+ 
(%1. -7.4) 04-6-9) 1lquctacllaa 

1 16130 sand 0.38 7.5 0300 70 00227 2,24 1,46 0195 0.167 0,207 N/A WA 
2 16/30 sand 1.14 i24 0.30000 0 00703 611 436 0 195 0167 0,207 N/A N/A 

3 3050 2.29 346 0.29834 0 03664 12.53 813 0.235 0.220 0.272 1.16 Na 
4 SOSD 4.57 49.0 0.28346 0 07416 22.58 14 68 0 299 0120 0.272 0,91 Yet 
5 SOSD 7.62 68.2 022881 0.12308 33.57 21 82 0320 0.220 0.272 0 83 Yet 
6 clay 10.67 92.8 013673 0 02339 42,43 27.39 0 297 WA WA WA N/A 

7 clay 13.72 122.9 0.14446 0.03100 30 85 3305 0.269 N/A N/A N/A N/A 
8 clay 16.76 152.9 012952 002921 38.31 37.90 0,248 N/A WA N/A WA 
9 clay 19.81 182.9 0.12269 0.03272 64 61 41.99 0230 N/A WA N/A N/A 
10 sand 22.86 2141 0.11746 002916 6943 45.14 0211 WA N/A WA WA 
II sackt 25.91 2466 0,11373 003172 73 88 4802 0,193 WA N/A N/A WA 
12 sand 28.96 279,0 0.10627 0.02801 78 19 5012 0,182 WA N/A N/A N/A 

13 sand 32.00 311.4 0.10283 0.02977 81,78 33,16 0.171 WA N/A N/A N/A 

14 sand 35.05 3438 009593 0 02611 85.18 5537 0,161 N/A N/A WA N/A 
IS sand 38.10 376.2 009074 002732 88.11 57.27 0,132 WA N/A WA WA 

16 sand 41.15 408.7 008727 0.02369 90.14 58,39 0,143 N/A N/A N/A N/A 
17 sand 44.20 441.1 008340 001768 91.32 39.36 0.135 NSA N/A N/A N/A 

19 bedrock 45 72 4573 0 08! 14 0 002E3 9142 61 37 0 131 N/A N/A N/A NIA 
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Table 8.8 EERA results for scenario 7 

Depth al a, a_ Y. t. Tw 
IaJaced CyR chR Layer Type % 

(m)le (`Pa) (t) (K) (LPA) (LPN) (fit, - f.! ) 
(%I.. 7. S) (M1.. L! ) lJyarfaýtlo" 

1 16130 sand 0.38 7.5 0.22677 000171 169 1.10 0147 0 167 0' 207 WA N/A 
2 16ß0 sand 1.14 22.4 022646 000331 304 3 28 0147 0 167 0 207 N/A N/A 

3 16130 sand 2.29 37.3 0.22546 001243 10 01 651 0173 0.167 0.107 1I1 No 

4 16/30 sand 4.57 596 0.22086 003753 19.31 12 61 0 213 0167 0207 0 97 Yet 
5 9SSD 7.62 188 020212 0 0354) 31-51 2048 0231 0151 0196 085 Yes 
6 clay 1067 1182 0.11322 0 02543 42.33 2764 0234 WA WA N/A N/A 
7 clay 13.72 1482 0 17112 0 03230 32.78 34 31 0 231 N/A N/A N/A N/A 

8 clay 16.76 1782 0.15357 0 03126 6200 40.30 0 226 WA WA WA N/A 

9 clay 1981 2012 0.13481 003580 7007 4535 0219 N/A N/A N/A N/A 

10 sand 22-86 239.5 0.11253 0 03151 7700 $005 0209 WA WA N/A N/A 

II sand 23 91 271,9 011024 0 03703 82 69 33.73 01911 N/A N/A N/A N/A 

12 sand 2196 304.3 0 09997 0 03234 9619 56 41 0116 N/A N/A N/A WA 

13 sand 3200 336.7 009820 0 03)79 1972 3132 0173 N/A WA N/A WA 

14 sand 3505 3691 009.164 002" 9129 5999 0163 WA N/A N/A N/A 
is sand 38,10 4016 0 08919 0 03058 93 73 62 . 14 0155 N/A WA N/A WA 

16 sand 41,15 04 00 08716 0 02660 9126 6117 0147 N/A N/A WA WA 
17 sand 44 20 466 40 08866 0 01982 99 68 64 79 0139 N/A N/A WA N/A 
18 bedrock 45 72 492 60 08867 00001 10101 65 66 n 116 N/A N/A N/A N/A 

Table 8.9 EERA results for scenario 8 

l. a)er T)pe 
K 
Middle)cplb °e " a"' y"' 

(in) 1ºra) (1) (%) 
t*� to" 

(kPa) Arm) 

IORJ 

1ý1ý. 6 yº ( 
(,: 

- %l. "7. S) 
(fit FS14 1,1quefacdaa 

(%l, "6.1) 

1 16/30 sand 0.38 7.5 011277 000160 1.5$ 1.03 0.138 0,167 0107 WA N/A 
2 16/30 sand 1.14 22,4 0.21249 0.00500 4 74 3 06 0.131 0.167 0207 WA N/A 

3 9SSD 2.29 37.0 0.21161 0 01053 9.36 609 0.164 0.138 0,196 1.19 Nd 
4 93SD 4.57 585 010104 002066 11.38 11.94 0.204 0.13E 0,196 0.96 Yea 

S 93SD 7.62 872 010134 0 03396 30.20 1963 0.225 0,158 0.196 0 87 Yet 

6 clay 10.67 1166 0.18911 0.02474 41.411 2696 0.231 N/A NtA WA N/A 
7 clay 13.72 1466 0.17774 0 03117 52.14 33 89 0.2.31 N/A N/A N/A N/A 
8 clay 16.76 176.7 0.16034 0.03115 61.79 40.17 0.227 WA N/A WA N/A 

9 clay 19.81 206.7 0.14114 003392 70.2E 43.6E 0.221 WA N/A N/A WA 

10 sand 22.86 237.9 0.11182 0.03389 7733 30 39 0.212 N/A WA N/A WA 
11 sand 25.91 270.3 0.1 1111 0 037$2 83 43 54 23 0.201 WA WA N/A N/A 
12 sand 28.96 301E 010189001277 87.74 $7.03 0,18E WA N/A N/A NIA 

13 sand 32.00 335.2 0.10142 0 03426 90 62 58 90 0.176 N/A N/A N/A WA 
14 sand 35.05 3676 00973700294* 93.21 60.59 0.163 N/A N/A N/A N/A 
is sand 38.10 4000 0.09278 0 03091 96.52 62.74 0.137 N/A N/A N/A N/A 
16 und 41.13 432.4 0.08912 0.02689 99 08 64 40 0.149 N/A WA N/A N/A 
17 sand 44.20 464.9 0.08705 002015 100.92 63.39 0.141 WA WA N/A WA 

Is bedrock 45.72 4 81 10 08719 0 00108 102 92 66 90 0 139 N/A N/A N/A N/A 
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Figure 8.20 Maximum acceleration for each scenario 
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The maximum values of acceleration, shear strain, and shear stress generated in 

layer 1 for all scenarios were chosen to compare the effects on the ground response of 

swapping the materials within layers 3 to 5. This was donc by examining the changes of 

amp, )'max, and Irma. for scenarios 2 to 8 (which contained the mixtures in one or more 
layers) relative to scenario I (no mixtures employed). The maximum values as well as 

the changes are summarised in Table 8.10. In addition, the percentage changes are 

graphically illustrated by Figure 8.26. 

Overall, in terms of ground shaking, it was observed that scenario 6 was the 

worst, while scenario 8 was the best. This was evident sten considering that the 

accelerations generated by scenario 6 were well over 40% higher than those of scenario 
1, compared to just about 4% higher for scenario 8. For scenarios 2,3, and 5, the ground 

accelerations were quite similar; and higher than those of scenario I by about 20%. 

This, however, was still quite significant. Still higher than scenario I but at a lesser 

degree were scenarios 4 and 7 in which the generated ground accelerations were about 
10% higher. 

Table 8.10 Changes of a.,.,, Y.,,,, ands.,., at layer I of sccnarlo% 2 tog relative to scenario I 

Too* 
Changes of a.... y. aý T.,, for Scenarios 2 to $ 

Scenario ýýý` 
ýýýýý (ýI ý 

RtI_UVe to Scenario 1(%) 

a... Y... t... 

1 0.21155 0.00154 1.57 0.00 0.00 0.00 

2 0.25518 0.00192 1.90 20.63 24.54 20.86 

3 0.25375 0.00191 1.88 19.95 23.41 19.77 

4 0.23479 0.00176 1.75 10.99 14.22 10.96 

5 0.26232 0.00197 1.95 24.00 27.66 23.83 

6 0.30047 0.00227 2.24 42.03 46.99 42.33 

7 0.22677 0.00171 1.69 7.19 10.54 7.13 

8 0.21277 0.00160 1.58 0.58 3.62 0.61 
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Figure 8.26 Changes or a..,, y_.,, and T.., at layer i or f«narkn 2 to iI relative to wcnario I 

Referring to Tables 8.2 8.9 showing the 1-. I-'RA results, it was interesting to 

further analyse the effects ofthe mixtures on the occurrence of liyuctactiun. Note that 

the liquefaction was only analysed }är layers 3 to S. It was not done fier layers I and 2 

because they were not saturated. 'Ihr layers that were not liquefied are illustrated by the 

shaded areas in Table 8.11. 

For all scenarios it was observed that layer 3 was not liquefied, regardless of the 

material deposited. For layer 4, however, only scenarios I. 1. and 5 did not liquefy. 

Scenario 2 was the only one where layer 5 was not liquefied. I Iowever, whether a layer 

liquefied or not may be inadequate in terms of ground response analysis. the factor of 

safety against the liquefaction should also be taken into account, as illustrated hý I able 

8.12 and Figure 8.27. 

Overall, it may be suggested that scenario 5 was better than scenario I in terms 

of the resistance to liquefaction, as F: Si. q was generally greater. I lowcver, layer 5 was 

still liquefiable. For this circumstance, the still-liquefiable layer may be mitigated by 

other countermeasures such as replacement by better materials, densification of the 

layer, soil improvement, and dewatering. 
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Table 8.11 Shaded area indicating the layer is non-liquefiable 

Lryer Thickness 
(m) 

Scenario 
I 

Scenario 
2 

Scenario 
3 

Scenario 
4 

Scenario 
S 

Scenario 
6 

Scenario 
7 

Scenario 
%n1s 

d 

16.130 16.30 16130 1630 1610 16/30 16/30 16/30 
0.76 

Sand Sand Sand Sand Sand Sand Sand Sand 

16/30 16 30 16 30 16 30 16/30 16 10 16/30 1610 Water 
2 0.76 

Sand Sand Sand Sand Sand Swid Sand Sand Iahlc 

16/30 16130 1610 1 h130 3 1.52 SOSp 505p 40SI) 955! ) Sand Sand Sand Smid 

16/30 16 30 It, lo 11, m 4 3.05 SOS! ) 40%! ) SOSS) 9551) Sand Sand SAM s4nd 

1630 1(, +(1 1(, 10 1(, I1 
5 3.05 SOSU SO%D 951U 95%» 

Sand Sand Sand Sand 

Table 8.12 Values of factor of safety against liquefaction for tagen 3 to 5 

Factor of Safety against Liquefaction, FSy 
Layer 

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario 
12344e7N 

1.27 1.04 1.05 1.50 1,13 1.16 i. hN 1.19 

a 1.02 094 1.09 092 1.04 (1,, 1 o'), u96 

5 0.93 1.02 0711 0*6 075 095 094 0K7 

Factor of Safety against Liquefaction 

2.0 

1.5 

1 1.0 
LL 

0.5 

0.0 

-I AVlH 
-1 

Figure 8.27 Factor of safety against liquefaction for layers 3 to 5 
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It should be noted hcrcin that SERA cannot computc the generated pore vatcr 
pressure during earthquake shaking; thus, this limitation must be considered. The 

behaviour of sand-rubber matrix is very complex, especially when taking the pore water 

pressure into account. It is therefore recommended that other computer programs that 

can include the behaviour of pore water pressure should be cmployed for further 

investigation. 

There have been concerns that utilising recycled rubber for construction projects 

may cause the environmental problems, especially to ground water. As a result, the 

water quality effects due to making use of recycled rubber have been investigated. For 

example, Humphrey (1998) reported that tyre shreds have a negligible impact on the 

quality of ground water; and concluded that they can be used for most civil engineering 
applications. This study, however, was based on the condition that the pl I of the ground 

water is near neutral. As such,, Iiumphrey (1998) suggested that the effects of tyre 

shreds on water quality for acidic or basic conditions should be further studied. 

Another important problem should be considered is exothermic reactions which 
have occurred in Washington and Colorado. The reason is that waste tyres may catch 
fire as a result of the oxidation of the steel belts in combination with high temperature 
(Moo-Young ct al., 2003). If this happens, the consequences may be disastrous as the 
burnt tyres may contaminate ground water. Tihercfore, the recycle rubber has been 

recommended to be used not very near the ground surface. In addition, instruments may 
be employed to monitor the temperature during and after construction. 

If the mixtures arc to be used in the field the segregation problem should not be 

neglected, as previously discussed in Chapter 3. Ilowwcver, the results from Chapter 6 

suggest that the cyclic strength of 100% rubber would be higher than that of mixtures. 
Thus, it would be pragmatic to deposit the rubber and gcomatcrials separately in layers. 

This would not only avoid the segregation, but also would reduce the construction cost. 
Another point should be considered is that there might be migration between the layers. 

However, this may be prevented by employing gcomembrancs at the soil rubber 
interface. 
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CHAPTER 9 

CONCLUSIONS 

9.1 Introduction 

Leighton Buzzard 16/30 sand (S) was mixed %%ith tyre chips CT0S1S (A). CT1030 (1)), 
CT2060 (C), and CT4010 (D) to investigate the liquefaction characteristics, dynamic 

properties, and monotonic behaviour, under undrained conditions. The mean particle 

sizes with respect to S, A. B, C, and D were 0.7,1.2,2.3,4.0, and 8.0mm, %%hich 

correspond to the particle size ratios D, ID, of 1.7,3.3,5.7, and 11.4. The sand to rubber 

ratios by solid volume were 100: 0,95: 5,90: 10,80: 20,70: 30,60: 40, and 50: 50. 

The liquefaction charactcristics including cyclic strength, porc water pressurc, 

and strain behaviour were studied by means of a computer-controlled cyclic triaxial 

testing system. The system was modificd in order to house bender elements for the 

measurements of shear wave velocity, hence the small strain shear modulus. The 

monotonic stress-strain behaviour was obtained employing a conventional triaxial 

testing machine with pore water pressure measurements. Based on the experiences, test 

results, and analyses, the following conclusions have been drawn. 

9.2Test Materials and Sample Preparation 

(1) The specific gravity of the sand and tyre chips were 2.66 and 1.15 
respectively. 

(2) Apart from the sizc of the matcrials, all partictc sizc distribution curvcs for S, 
A, B, C, and D wcrc similar. 

(3) Even though the sizes were different, the minimum and maximum dcnsities 
for tyre chips A, 13, C, and D -*w-ere very similar. Ilowevcr, the tyre chips 
having the smallest particle size, A, had the lowest minimum density. 



Ck! eter 9 Conclusions 

(4) For sand mixed with tyre chips, the higher the pcrccntagc of rubber added the 
lower the minimum and maximum densities. 

(5) For mixtures having a lower percentage of rubber such as 5 and 10%, there arc 
only slight differences bct wccn the minimum and maximum densities. When 
the rubber is increased to 30% and higher, however, the differences are 
pronounced. 

(6) The sand-tyre chip specimens cannot be prepared by means of underwater 
deposition as the tyre chips immediately float once deposited. 

9.3 Monotonic Behaviour 

(1) For S, an initial peak deviator stress occurs at very low strain for both TC and 
TE, followed by strain hardening and strain softening for TC and TE 
respectively. The peak deviator stress for both TC and TE occurs at about 8% 
axial strain. 

(2) For SA with 5% rubber the stress-strain curves are quite similar to those of s, 
but the peak deviator stresses are smaller and occur at larger strains. When the 
rubber is increased to 10% and higher, there is no definite peak deviator stress. 

(3) For SB with 5 and 50% rubber, the stress-strain curves resemble to those of 
SA with the same rubber content. However, for S[3 with rubber contents of 10, 
20,30, and 40%, the stress-strain curves exhibit a peak. 

(4) The stress-strain curves for SC and SD are quite similar at the same rubber 
contents. The peak deviator stress occurs for the mixtures containing rubber 
contents of 5,10, and 20%. When the rubber is increased to 30% and higher, 
some mixtures exhibit a peak deviator stress, but not necessarily marked. 

(5) The qr values under TC for SC and SD gradually decrease %% hen the rubber is 
increased from 5 to 50%. 1lowwwever, for SA and SIi, as the particle size is 
smaller, the qr values also gradually decrease when the rubber is increased 
from 5 to 20%, but at much higher rate compared to SC and SI). It just slightly 
decreases when the rubber is increased to 30%. When the rubber is increased 
to 40 and 50%, qg remains approximately constant. 

(6) The qr values under TE with respect to the increase of rubber contents have a 
pattern similar to those of TC. I [o%%-c%er, regardless of the size of the rubber, 
the qr values for SA, SB, SC, and SD with 50% rubber are quite similar. 

(7) The PT point for S under TC occurs at a very low strain level of less than 1: '0. 
For all mixtures, however, the higher the rubber content the larger the strain at 
which the PT point occurs. In addition, for all mixtures having 5% rubber 
content the PT points occur at a strain level similar to that of S, but slightly 
higher. This proportionate occurrence of the PT under TC is not the case for 
TE. 

(8) The behaviour of Au for S is typical of that for a dense or medium dense sand. 
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(9) The Au for S under TC increases sharply to a maximum of about 260a at the 
beginning of shearing. It then decreases very rapidly at almost the same rate to 
a minimum of -254kPa. This behaviour is also the case for TE, except that the 
maximum is somewhat higher, and occurs at a larger strain. 

(10) The behaviours of Au for SA with 5% rubber, SB with 5 and 10% rubber, SC 
and SD with 5,10, and 20% rubber, are similar to those of S. except that the 
maximum positive Au for both TC and TE is greater. 

(11) For SA, SB, SC, and SD, the higher the percentage of rubber, the greater is Au 
at the end of shearing. 

(12) The value of Ar for S under TC indicates that it was prepared in a medium to 
dense state. In addition, the difference between the Ar obtained from both TC 
and TE is quite high, indicating a high degree of anisotropy for the sand %%hich 
occurs during sample preparation. 

(13) For SA, SB, SC, and SD with 5% rubber, the values ofArare similar to that of 
S. However, it tends to increase with rubber content from 10 to 50%. 

(14) For S under TC, the p' -q stress path at the beginning of shearing dilates 
slightly until the PT is met. It then exhibits a marked dilation until the failure 
occurs at the maximum p'. It then travels backwards to the end of shearing. 
Contrary to TC, the stress path for TE initially shows a marked contractile 
tendency. Then the stress path exhibits the dilative behaviour towards the end 
of shearing. 

(15) For SA, SB, SC, and SD with 5% rubber and SC und Si) with 10% rubber, the 
stress paths arc comparable to those of S, except for SA and SI3 which initially 
exhibit slight contraction. For the rest, the initial contraction is apparent. 

(16) For SA, SB, SC and SD with 5 and 10% rubber contents, where the stress path 
changes from contractive to dilative is also the PT point. At higher rubber 
contents, however, the PT points occur just slightly after the changes have 
taken place. 

9.4Cyclic Behaviour 

(1) The stress-strain curve for S indicates brittle behaviour. 

(2) For SA, SB, SC, and SD, the higher the percentage of rubber added the more 
ductile the behaviour. 

(3) The cyclic strength for SA, SB, SC, and SD with 5,10, and 20% rubber and 
SA, SB, and SD with 30% rubber is lower than that of S. The cyclic strength is 
the lowest for all at 20% rubber content. 

(4) When the rubber is increased to 30,40, and 50% for SC; 40 and 50% for SA, 
SB, and SD, the cyclic strength then is greater than that of S. The cyclic 
strengths are greatest at 50% rubber content. 
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(5) For S subjected to low to moderate go,, Aup increases gradually during cyclic 
loading. At Au. equal to approximately to 0.6. it then increases rapidly after a 
few more cycles, leading to liquefaction. At greater applied qy,, however, Au. 
increases very quickly, and liquefies after only 3 cycles of loading. 

(6) For SA, SB, SC, and SD with 5 and 10% rubber, the behaviour of Aup is 
similar to that of S, but the rate of increase is greater. \Vhcn the rubber content 
is increased, Aup initially increases very rapidly, and then gradually increases 
towards liquefaction, particularly for the mixtures having 40 and 50% rubber 
contents. 

(7) For S subjected to low to moderate qc),, c1» remains virtually zero during 
cyclic loading until the last few cycles ben it increases almost vertically to 
over 5%. 

(8) For SA, SB, SC, and SD «ith 5,10, and 20% rubber contents the behaviour of 
CLDA is similar to that of S. When the rubber is increased to 30%, c,, nA then 
gradually increases, followed by a sudden increase towards liquefaction. 

(9) For SA, SB, SC, and SD %vith 40 and 50% rubber contents, cA. DA increases 
very rapidly towards liquefaction. 

(10) The reason the mixtures had the lowest cyclic strength %%hen containing 20% 
or rubber may be explained %%, hen considering the inter"rubbcr void ratio c, 
against the rubber content. It was found that when the mixtures contained 
rubber contents from 5 to 10%, c, decreased sharply. When the rubber was 
increased from 10 to 30%, then the rate of the decrease decreased. 
Subsequently, when the rubber was increased to 40% and above, the rate of 
the decrease was approximately constant. Therefore, it may be concluded that 
the cyclic behaviour of the mixtures containing rubber content of around 20% 
is transitional. 

9.5 Dynamic Properties 

(1) Of all the bender clcmcnt interpretation methods, the results obtained by first 
major peak to peak method (1111) arc the most consistent. 

(2) The arrival of shear waves by first arrival technique (FA) is dependent on the 
input frequency. This, however, is not the case for I'll and cross correlation 
(CC). 

(3) Only SA with 5% rubber content has i and G,,,., slightly higher than those of 
S. For the rest, all have lower PS and Gm.. 

(4) Regardless of the size of rubber added, the higher the percentage of rubber the 
lower the values of ts and Gm,. 

(5) When the rubber is increased to 30% and higher, {; and G.,. depend on the 
particle size of rubber, i. e., the bigger the rubber size the greater the I's and 
Gmax. 
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(6) When the mixtures containing rubber contents of 30% and higher were 
subjected to input frequencies of 7kilz and greater, there was so much noise 
that the signals are un-interpretable. 

(7) The G/Gm. curve for S is comparable to the curve provided by Seed and Idriss 
(1970). 

(8) For SA, Sß, SC, and SD with 5% rubber content, the GIG,,,, curves are quite 
similar to that of S, suggesting there is only a very marginal effect on the 
stiffness when 5% of rubber is added to S. 

(9) For SA, SB, SC, and SD with 50% rubber content, the GIGmax curves are 
shifted to the right significantly indicating a pronounced effect of rubber on 
the stiffness of sand rubber mixtures. 

(10) The damping ratio (D) for S at about 0.1% cyclic shear strain is approximately 
5%, which is comparable with other studies. 

(11) For SA with 5% rubber content, the D value is similar to that of S. For Sß, 
SC, and SD with the same rubber content, however, their values are greater, 
compared to S. 

(12) For SA, SB, SC, and SD with rubber contents of 10% and higher. D values are 
greater than that of S. 

9.6 Response to Seismic Loading 

(1) The sand-rubber mixtures in fact amplify the ground acceleration and generate 
higher shear strain, compared to pure sand. ! loww"ever, it seems the addition of 
rubber does not alter the generated shear stress. 

(2) The sand-rubber mixtures improve the overall factor of safety against 
liquefaction, implying that they may be used to mitigate the hazard. 

9.7 Recommendations for Further Work 

(1) It is recommended to carry out undraincd cyclic triaxial tests for sand mixcd 
with tyre chips having higher proportions of rubber than used in this research, 
e. g., 60%, 80%, and 100%, providing a complete cyclic strength curve. 

(2) It would be interesting to determine the liquefaction potential of soil mixed 
with recycled tyres having different particle size ratios D, /D, to those used in 
this research. For example, instead of sand, gravel should be used as a base 
material, with rubber having a smaller size than the gravel mixed in. This will 
result in a particle size ratio lower than 1.0. 

(3) The maximum size of rubber used in this research was rcstrictcd by the 
condition that it must not be greater than 1/10 the diameter of a cylindrical 
triaxial specimen. In practice, using bigger size of rubber means that the cost 
of producing the recycled rubber is lower. Thus, it is important to carry out the 
cyclic triaxial test of sand mixed with tyre chips having bigger sizes of which 
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in turn a bigger specimen size is required, hencc a bigger triaxial cell and an 
actuator %Nith higher capacity and longer stroke. 

(4) Instead of mixing the sand and the rubber, preparing them scparatcly in layers 
may provide an interesting result. For such sample preparation, however, a 
shaking table may be more suitable than the cyclic triaxial test. Another 
possibility is a centrifuge test. 

(5) Other kinds of test that could provide the shear modulus and damping ratios of 
the mixtures for cyclic shear strain ranges that this research did not cover 
should be studied, providing a complete curve without any interpolation, for 
example, cyclic simple shear and cyclic torsional shear tests. 

(6) A computer package such as the discrete element method (DEM) should be 
used to study how stresses are transferred within sand-rubber matrices during 
cyclic loading in order to understand the interactions between sand, rubber and 
the pore water. 
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APPENDIX 

SUMMARY OF BENDER ELEMENT TESTS 



AppenJtr Summary of üeikkr Element Tests 

Table A. I BE test results for pure sand, mixtures 100: 0. 

Test No. 
(kllz) 

First Arrival 
(FA) 

V. G... 
(m/s) (11Pa) 

Peak to Peak 
(PI') 

1F" Go.. 
(m/s) (Mra) 

Cross Correlation 
(CC) 

1ýS Ca. $ 
(m/s) 011'A) 

BElOOS430 2 228 104 234 109 199 79 

4 234 109 231 106 231 106 

7 234 109 231 106 231 106 

11 240 115 234 109 231 106 

16 246 121 234 109 234 109 

BE100S370 2 220 97 231 106 

4 220 97 223 99 220 97 

7 223 99 220 97 220 97 

11 234 109 223 99 220 97 

16 237 112 231 106 220 97 

BElOOS320 2 220 96 231 106 217 94 

4 223 99 223 99 223 99 

7 231 106 223 99 220 96 

11 234 109 231 106 220 96 

16 240 114 231 106 220 96 

B E100S290 2 207 86 219 96 198 79 

4 217 94 217 94 217 94 

7 219 96 217 94 217 94 

11 230 106 219 96 214 92 

16 233 108 219 96 212 90 

BElOOS250 2 219 96 230 106 213 90 

4 222 98 219 96 219 96 

7 227 103 225 101 219 96 

11 236 III 230 106 219 96 

16 245 120 233 108 219 96 
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Appendix Summary oJßrnJer Element Teats 

Table A. 2 BE test results for SA, mixtures 95: 5. 

Test No. 
J 

(kllz) 

First Arrival 
(FA) 

III G... 
(m/s) (111Pa) 

Peak to Peak 
(111') 

1f$ G..; 
(m/s) (111'x) 

Cross 

1ýI 
(m/s) 

Correlation 
(CC) 

G.., 
0111a) 

BE95SA365 2 234 106 227 100 228 101 

4 249 121 225 99 223 96 

7 237 109 225 99 218 92 

11 234 106 225 99 218 92 

16 237 109 227 100 214 89 

BE95SA296 2 246 118 234 106 231 104 

4 249 121 231 104 227 100 

7 234 106 231 104 223 96 

11 234 106 227 100 218 92 

16 249 121 237 109 223 96 

BE95SA240 2 235 107 235 107 224 97 

4 247 119 228 101 229 102 

7 238 110 232 104 226 99 

11 235 107 233 107 228 101 

16 259 130 238 110 221 95 

BE95SA225 2 249 120 230 103 228 101 

4 263 134 233 106 225 98 

7 267 138 249 120 220 94 

11 233 106 230 103 220 94 

16 239 III 228 101 214 89 

BE95SA205 2 249 121 234 106 226 100 

4 267 139 231 103 226 100 

7 249 121 231 103 226 100 

11 252 124 234 106 226 t00 

16 267 139 237 109 222 96 
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ArpenJlx Summary of ßrnder Element Tests 

Table A. 3 BE test results for SA, mixtures 90: 10. 

Test No. 
f 

(kllz) 

First Arrival 
(FA) 

{', 60.4 
(m/s) (11Pa) 

Peak to Peak 
(1'1') 

1ý1 G.. " 
(m/s) (11Pa) 

Cross Correlation 
(CC) 

1'0 G... 
(m/s) (Ml'a) 

BE90SA285 2 220 92 210 84 210 84 

4 222 94 215 88 205 80 

7 226 97 215 88 205 80 

11 233 104 222 94 207 82 

16 233 104 220 92 201 77 

BE90SA220 2 207 81 209 83 212 83 

4 219 91 212 83 207 81 

7 233 103 219 91 202 78 

11 233 103 217 89 207 81 

16 248 117 233 103 205 80 

BE90SA185 2 217 89 207 82 203 80 

4 220 92 207 82 201 77 

7 233 103 203 80 197 73 

11 249 118 210 84 192 70 

16 225 96 210 84 189 68 

BE90SA165 2 207 82 207 82 203 78 

4 220 92 199 75 199 73 

7 207 82 199 75 197 73 

11 210 83 203 78 195 72 

16 212 93 205 80 189 67 
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A/+ ndix Summary 0 DenJýr Ekmen! Texts 

Table A. 4 BE test results for SA, mixtures 80: 20. 

Test No. 
f I' 

(kllz) 

First Arrival 
(FA) 

V, CROSS 
(m/s) (51Pa) 

Peak to Peak 
(PI') 

Ißt Goose 
(m/s) 01I1a) 

Cross 

I', 

(m/i) 

Correlation 
(CC) 

Goose 
011'a) 

BE80SA280 2 178 57 171 S3 168 31 

4 187 63 174 55 167 50 

7 195 69 176 56 167 50 

11 197 70 180 S9 164 49 

16 205 76 181 59 161 47 

13E80SA230 2 176 56 171 53 171 53 

4 184 61 176 56 168 SI 

7 194 68 177 57 163 48 

lI 194 68 177 57 163 48 

16 196 70 177 57 16$ 49 

BE80SA 195 2 176 56 171 S3 171 53 

4 186 63 176 56 168 31 

7 190 65 177 57 168 51 

11 194 68 183 60 166 50 

16 201 73 184 61 163 48 

BE80SA160 2 176 56 171 S3 170 52 

4 187 63 174 55 168 S1 

7 193 67 178 57 16$ 51 

11 195 68 181 59 167 50 

16 195 68 181 59 161 47 
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A`prndzx Summary c1ßenJrr £kmrnt Tests 

Table A. 5 BE test results for SA, mixtures 70: 30. 

First Arrival Peak to Peak Cross Correlation 

Test No. 
f (FA) (PP) (CC) 

(kllz) I" C IF 
oal 

C... 5' Go&% 

(m/s) OMPa) (m/s) (. MPa) (m/s) (%IPa) 

BE70SA350 2 172 51 152 40 140 34 

4 172 31 164 46 136 32 

7 

11 

16 

- 

- - 

- - - 

" 

BE70SA270 2 147 37 139 33 133 30 

4 158 43 144 35 136 32 

7 160 44 146 37 137 32 

16 - - - - " 

BE70SA245 2 158 43 142 34 133 31 

4 173 51 146 37 130 29 

7 

11 

173 51 149 38 129 28 

16 

- 

- - 

- 

- 

- 

- 

- 

- 

B E70SA230 2 163 47 146 36 136 32 

4 173 52 165 47 130 29 

7 - 

11 

16 

- - - - 
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A ndtr Summ of ßenJ r Element Tests 

Table A. 6 BE test results for SA, mixtures 60: 40. 

Test No. 
f 

(kHz) 

First Arrival 
(FA) 

Va Gon 
(M/S) (AMPa) 

Peak to 11cak 
(P1') 

1', G.., 
(r/i) (MPa) 

Cross Correlation 
(CC) 

1'0 G,. 
" 

(m/s) (MPa) 

B E60SA420 2 118 23 106 19 102 17 

4 118 23 106 19 103 17 

7 126 26 114 21 101 17 

11 - - - - - - 

16 

BE60SA370 2 122 24 108 19 102 17 

4 126 26 114 21 102 17 

7 

16 - - " - - 

BE60SA340 2 128 27 116 22 III 20 

4 131 28 119 23 113 21 

7 - - - 

ll - - - " 

16 - - - " 

BE60SA310 2 123 25 112 21 104 I8 

4 126 26 113 21 104 18 

7 

11 - - 

16 - 

- - 

- 

- 

- - 
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Appends Summary of Q&nJir £liment rests 

Table A. 7 BE test results for SA, mixtures 50: 50. 

Test No. 
f I. 

(kllz) 

First Arrival 
(FA) 

V, ä/. ag 
(m/s) (A1Pa) 

Peak to 1'cak 
(1'1') 

1', Ca. $ 
(m/s) C%11'a) 

Cross Correlation 
(CC) 

1*0 cost 
(m/s) (All'&) 

BE50SA515 2 109 19 92 13 85 11 

4 

7 . 

11 - - - - " 

16 - - - " 

BE50SA465 2 113 20 92 13 81 10 

4 

7 

11 - - - - " 

16 - - - - " " 

BE50SA420' 2 106 17 90 12 82 10 

4 - - - 

7 

11 - - - " " 

16 - - - " 

BE50SA370 2 108 18 91 13 84 11 

4 105 17 95 14 86 12 

7 . 

11 - - - - 

16 - - " 
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& ndix Sumirt rye of Render Element Tirx, ºi 

Table A. 8 BE test results for SB, mixtures 95: 5. 

First Arrival Peak to Peak Cross Correlation 
f (FA) (1'i') (CC) 

Test No. 
(kllz) V, G n I'0 C0. ß Irr r%.. 

(m/s) (MPa) (m/s) (111'x) (mh) (1+1Pit) 

BE95SB270 2 192 72 196 75 187 68 

4 205 82 196 75 196 75 

7 207 84 196 75 190 71 

11 207 84 196 75 188 69 

16 220 94 199 77 187 68 

BE95SB245 2 196 75 201 78 199 77 

4 207 84 199 77 199 77 

7 212 88 205 82 196 75 

11 220 94 207 84 194 74 

16 220 94 207 84 194 74 

BE95SB225 2 197 73 199 77 191 71 

4 208 84 199 77 199 77 

7 208 84 201 79 195 74 

11 214 89 203 80 195 74 

16 217 92 205 82 197 75 

B E95SB210 2 197 75 205 82 183 67 

4 205 82 199 77 202 79 

7 205 82 203 80 199 77 

11 215 90 208 84 197 75 

16 220 94 205 82 197 75 

375 



AppcndLr Summary rf Bender Element Tests 

Table A. 9 BE test results for SB, mixtures 90: 10. 

Test No. 
J 

(kllz) 

First Arrival 
(FA) 

I', Cw. 
s 

(m/s) (MPS) 

Peak to Peak 
(PP) 

J'" Curs 
(m/s) 011's) 

Cross 

V, 

(mh) 

Correlation 
(CC) 

Gass 
(Ml's) 

B E90SB260 2 186 66 181 63 171 36 

4 194 72 186 66 184 65 

7 205 80 192 70 181 63 

11 207 82 194 72 183 64 

16 214 88 196 73 181 63 

BE90SB235 2 187 66 183 64 180 61 

4 197 74 187 66 185 65 

7 199 75 192 70 181 63 

11 208 82 195 72 181 63 

16 208 82 193 71 178 60 

B E90SB213 2 181 62 176 59 171 36 

4 192 70 184 63 179 61 

7 196 73 186 66 179 61 

11 202 78 192 70 181 62 

16 207 82 191 70 181 62 

B E90SB190 2 186 66 169 53 169 SS 

4 196 73 186 66 184 6S 

7 205 80 190 69 183 64 

11 207 82 196 73 183 64 

16 209 94 199 75 181 62 
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Appendix Summary o/IJenJer Vement Tests 

Table A. 10 BE test results for SB, mixtures 80: 20. 

Test No. 
f t" 

(kllz) 

First Arrival 
(FA) 

ißt G 
o&, 

(m/s) (NIPS) 

Peak to Peak 
(PR) 

lp, G 
wn 

(m/s) (Mll'A) 

Cross 

ýýi 

(m/s) 

Correlation 
(CC) 

Goes 
(; 11t's) 

13E80SB256 2 187 64 178 38 176 57 

4 197 71 182 60 176 57 

7 206 77 187 64 173 33 

11 206 77 193 68 173 53 

16 206 77 193 68 172 54 

BE80SB217 2 185 63 176 57 172 54 

4 195 69 185 63 181 60 

7 206 77 187 64 180 59 

11 206 77 191 67 183 61 

16 206 77 191 67 178 58 

BE80SB195 2 191 67 180 39 178 58 

4 206 77 184 61 178 38 

7 218 87 189 65 175 56 

11 218 87 189 65 177 37 

16 195 69 195 69 172 54 

BE80SB 170 2 206 78 187 64 18.1 62 

4 209 79 187 64 184 62 

7 216 85 197 71 180 39 

11 218 87 202 74 181 60 

16 218 87 209 79 180 39 
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Ap endU Suninta ,o Bander I kmenI Tract 

Table A. 11 BE test results for SB, mixtures 70: 30. 

Test No. 
f 

(kliz) 

First Arrival 
(FA) 

V, Cost 
(m/s) (NIPS) 

Peak to 
(VP 

f'. 
(m! s) 

Peak 
) 

Cost 
(MPa) 

Cross Correlation 
(CC) 

V, C_1, 
(m/s) (Atl'a) 

BE70SB340 2 160 45 148 38 143 37 

4 175 54 157 43 145 37 

7 187 61 160 45 147 38 

11 189 63 162 46 147 38 

16 - - - - - 

BE70SB300 2 167 49 136 42 147 38 

4 184 59 161 43 149 39 

7 

11 

184 59 168 

- 

30 

- 

153 

" 

41 

16 

- 

- - - - 

BE70SB260 2 167 49 151 40 142 36 

4 184 59 160 45 140 34 

7 - " 

it - - - - " 

16 - - " 

13E70SB200 2 167 49 147 38 140 34 

4 175 53 157 43 139 34 

7 

1 

183 59 132 

- 

40 163 48 

" 1 

16 - - " 
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Appendix Summary of QenJee Fdemenh Teas 

Table A. 12 BE test results for SB, mixtures 60: 40. 

Test No. 
I 

(kllz) 

First Arrival 
(FA) 

V. C,,., 
(m/s) (MPa) 

Peak to Peak 
(PP) 

V, C�� 
(m/s) (MIPa) 

Cross Correlation 
(CC) 

1', G0� 
(mis) (511'x) 

BE60SB550 2 134 30 117 23 110 20 

4 

7 

11 - - 

16 - 

- 

- - - - 

BE60SB435 2 135 30 117 23 110 20 

4 145 35 120 24 112 21 

7 

- - " 11 

16 

- 

- - - 

BE60SB350 2 128 28 117 23 109 20 

4 143 35 120 24 108 20 

7 

16 - - " 

BE60SB310 2 135 30 118 23 112 21 

4 152 38 125 26 112 21 

7 - - - - " 

16 - - " 
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AppendLr Summary of Render Element Tau 

Table A. 13 BE test results for SB, mixtures 50: 50. 

Test No. 
f I. 

(kHz) 

First Arrival 
(FA) 

V, C154. 
(m/s) O1Pa) 

Peak to Peak 
(P1') 

ý', Ginn 
(m/s) (11I's) 

Cross Correlation 
(CC) 

1', Goes 
(m/s) (111'a) 

BE5OSB540 2 126 25 99 15 91 13 

4 - - 

7 

11 

16 

- 

- - - - - 

BE50SB455 2 118 22 98 15 90 13 

4 118 22 107 18 90 13 

7 

1 

- - - - " 

- 1 

16 

- 

- 

- 

- 

- 

- 

- 

" " 

BE50SB445 2 122 23 107 18 95 14 

4 

7 

11 - 

16 - 

- 

- 

- 

- - - 

BE50SB405 2 111 19 98 15 92 13 

4 - - 

7 

16 

BE50SB350 2 118 22 104 17 95 14 

4 - - - " 

7 . - - " . 

16 - - - 
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Appendix Summary of IknJcr FJement Teigs 

Table A. 14 BE test results for SC, mixtures 95: 5. 

Test No. 
f 

(kllz) 

First Arrival 
(FA) 

V. G... 
(m/s) (61Pa) 

Peak to Peak 
(PP) 

101, C... 
(m/s) (111'a) 

Cross 

1'" 
(m/s) 

Correlation 
(CC) 

G... 
(ý11I'a) 

BE95SC380 2 217 93 220 93 203 83 

4 217 93 217 93 213 90 

7 222 97 217 93 212 88 

11 231 104 222 97 212 88 

16 234 107 220 95 210 86 

BE95SC360 2 205 83 210 87 193 74 

4 205 83 203 81 202 80 

7 208 85 208 83 199 78 

11 212 89 210 87 199 78 

16 220 95 208 83 197 76 

BE95SC300 2 201 79 205 83 195 74 

4 208 84 205 83 201 79 

7 215 90 208 8.1 201 79 

11 220 95 210 86 201 79 

16 227 101 210 86 197 76 

BE95SC250 2 208 85 210 86 199 78 

4 208 85 205 83 208 85 

7 217 93 210 86 208 83 

11 220 93 210 86 205 83 

16 222 97 217 93 203 83 

BE95SC230 2 206 83 211 87 195 73 

4 208 83 206 83 204 81 

7 211 87 206 83 202 79 

11 220 95 208 83 202 79 

16 220 95 211 87 199 78 
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AppcnJix Summary of ßenJer emenl Teiis 

Table A. 15 BE test results for SC, mixtures 90: 10. 

Test No. 
f 

(kllz) 

First Arrival 
(FA) 

V. G.,., 
(m/s) (AMPa) 

Peak to Peak 
(PP') 

V0 6044 
(m/s) (AMPa) 

Cross 

V. 
(m/s) 

Correlation 
(CC) 

G 
(111'x) 

BE90SC365 2 197 75 193 72 185 66 

4 208 83 199 76 197 75 

7 210 85 203 80 197 75 

11 220 93 208 83 195 73 

16 220 93 208 83 199 76 

BE90SC310 2 208 83 215 89 187 67 

4 217 91 210 85 210 85 

7 220 93 217 91 210 85 

11 222 95 220 93 212 87 

16 233 lOS 220 93 210 85 

BE90SC260 2 203 80 191 70 187 68 

4 217 91 205 82 208 83 

7 234 106 208 83 202 79 

11 234 106 210 85 208 83 

16 - - - - 

BE90SC210 2 202 79 196 74 187 67 

4 207 83 202 79 199 76 

7 217 91 207 83 196 74 

11 210 85 205 81 196 74 

16 220 93 207 83 196 74 
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Appendix . Summary al DinJer £/emenl Tens 

Table A. 16 BE test results for SC, mixtures 80: 20. 

First Arrival Peak to Peak Cross Correlation 

Test No. 
j I. (FA) (PP) (CC) 

(kHz) V" call 1"C Itoal C.,. 
(m/s) (AMPa) (m/s) (NIPS) (m/s) (MIPa) 

BE80SC320 2 181 61 171 54 165 31 

4 196 71 183 62 179 60 

7 207 80 186 64 179 60 

11 207 80 191 68 183 62 

16 - - - - - - 

BE80SC300 2 178 59 173 56 171 55 

4 189 66 181 61 176 58 

,7 197 72 183 62 176 58 

11 207 80 185 64 182 62 

16 197 72 191 68 173 56 

BE80SC250 2 180 60 176 58 170 54 

4 195 70 181 61 17$ 59 

7 197 72 187 65 I80 60 

11 207 80 191 67 178 59 

16 207 80 191 67 187 65 

BE80SC230 2 178 59 174 57 170 54 

4 189 66 181 61 178 59 

7 197 72 185 64 178 59 

11 199 73 189 66 176 58 

16 207 80 189 66 176 58 

BE80SC212 2 184 63 17$ 57 170 54 

4 195 71 186 64 180 61 

7 204 78 190 67 181 61 

11 206 79 193 70 184 63 

16 
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Appendix Summff of ßrnJir Element Tests 

Table A. 17 BE test results for SC, mixtures 70: 30. 

Test No. (kllz) 

First Arrival 
(FA) 

1/4 60411 

(m/s) (51Pa) 

Peak to Peak 
(1'P) 

I, 6099 

(mfs) (11Pa) 

Cross Correlation 

(, 

(CC) 
6046 

(m/s) (}life) 

BE70SC430 2 213 82 186 62 175 55 

4 219 85 196 68 170 52 

7 - - - - - 

11 - " 

16 - - " 

BE70SC350 2 196 69 177 56 165 49 

4 207 77 196 69 162 47 

7 - 

11 - - " 

16 - - - 

BE70SC320 2 188 63 186 62 169 51 

4 - - 

7 - - 

16 - - " 

BE70SC280 2 216 84 177 56 170 52 

4 195 68 193 68 169 51 

7 

11 

- 

- 

- - " 

" 

16 

- 

- " 
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Table A. 18 BE test results for SC, uristures 60: 40. 

First Arrival Peak to Peak Cross Corrclation 

Test No. 
f, (FA) (PP) (CC) 

(kllz) f'. Co.. 1f" Goal, Iss Ga.. 
(m/s) (; 1MPa) (m/s) (Ail'a) 0 (m/s) OMPa) 

DE60SC550 2 168 48 148 38 137 32 

4 176 53 163 47 $42 35 

7 

11 

- - 

16 - - - 

13E60SC440 2 176 53 148 38 137 32 

4 176 53 161 44 139 33 

7 

11 

16 

- 

- 

- 

" - 

- 

- 

ß E-60SC370 2 168 49 148 38 137 32 

4 185 59 161 44 141 34 

7 - - 

16 - - - 

BE60SC300 2 176 53 147 37 137 32 

4 - - - - - 

7 - - - - - - 

1$ 

16 " 
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4ppendirc Summary oI1 nJrr E/emenl TcsUt 

Table A. 19 BE test results for SC, mixtures 50: 50. 

Test No. 
f 

(k112) 

First Arrival 
(FA) 

1'0 Gw&j 
(m/s) OMPA) 

Peak to Peak 
(PP) 

1'0 Cwa 
(m/s) (; IPA) 

Cross Correlation 
(CC) 

1', Gas% 
(RI/! ) OMPA) 

DE50SC560 2 153 38 131 28 105 18 

4 

7 

16 - - - - 

BESOSC49S 2 143 33 124 25 110 20 

4 - - - - - 

7 - 

16 - - - " 

DE50SC430 2 142 32 129 27 113 21 

4 . 

7 . 

16 - - - - - " 

ß CS0SC34S 2 153 38 122 24 106 18 

4 

7 

16 
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ýIp endir Summa v 1knder FJenien! Texts 

Table A. 20 BE test results for SI), mixtures 95: 5. 

Flat Arrival Peak to Peak Cross Correlation 

Test No. 
I (FA) (PP) (CC) 

(kllz) {'" G 
a. s 

If, C 
1, 

ýý. Gw"" 

(m/s) (NIPa) (m/s) (AMPa) (m/s) (\1Pa) 

DE95SD350 2 205 83 210 87 199 78 

4 208 85 208 85 208 85 

7 217 93 210 87 208 8S 

11 220 93 210 87 205 83 

16 222 97 210 87 203 81 

BE95SD325 2 231 104 212 88 19$ 74 

4 21$ 90 208 85 208 83 

7 217 93 210 86 205 83 

11 225 99 210 86 208 85 

16 231 104 212 88 203 81 

13E9SSD280 2 208 8S 21$ 91 201 79 

4 218 93 213 89 213 89 

7 223 97 218 93 210 87 

11 231 103 220 9S 210 87 

16 234 107 223 97 210 87 

13E-95SD240 2 208 83 213 89 189 70 

4 215 91 210 87 208 85 

7 218 93 213 89 208 8S 

11 225 100 218 93 208 8S 

16 231 103 219 93 206 93 
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Appendix Summary of DenJerVensent Tests 

Table A. 21 BE test results for SI), mixtures 90: 10. 

Test No. 
f 

(kliz) 

First Arrival 
(FA) 

1'" Grog 
(m/s) (11Pa) 

Peak to Peak 
(1111) 

V, G.., 
(m/s) (; %IPA) 

Cross 

1ý" 
(m/s) 

Correlation 
(CC) 

G". ". 
011'x) 

BE90SD360 2 208 84 194 6S 182 64 

4 218 92 210 86 206 82 

7 220 94 218 92 210 86 

lI 231 103 218 92 210 86 

16 234 106 220 94 208 84 

ß E90SD305 2 197 75 199 77 185 67 

4 208 84 206 82 201 79 

7 213 88 208 84 201 79 

11 220 94 211 86 206 82 

16 226 99 211 86 197 7S 

BE90SD270 2 205 82 208 83 201 78 

4 210 8S 208 83 205 82 

7 217 91 210 8S 20S 82 

11 220 93 212 87 203 82 

16 234 103 217 91 201 78 

IIE90SD225 2 197 7S 197 75 183 6S 

4 208 83 201 78 199 76 

7 220 93 205 81 197 75 

11 217 91 210 85 197 75 

16 220 93 208 83 191 70 
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Table A. 22 BE test results for SD, mixtures 80: 20. 

Test No. 
f Is 

(kllz) 

First Arrival 
(FA) 

1'. Ca.. 
(m/s) (NIPS) 

Peak to Peak 
(P1') 

11 
" Gs.. 

(m/s) 01Pa) 

Cross Correlation 
(CC) 

if , G. 
a.. 

(m/s) (Afl'a) 

BE80SD322 2 183 62 170 54 165 31 

4 194 70 187 65 183 62 

7 

11 

196 72 192 69 185 64 

16 

- 

- 

- - " 

- 

- 

- 

BE80SD240 2 185 64 173 36 162 49 

4 205 78 196 72 190 68 

7 

11 

217 88 201 75 188 66 

16 

- 

- 

- - 

- 

- 

" 

- 

" 

- 

- 

BE80SD220 2 185 64 175 57 170 54 

4 197 72 193 71 191 68 

7 217 88 205 79 193 69 

16 - - - - - 

BE80SD203 2 185 64 173 36 170 54 

4 197 72 193 69 183 64 

7 203 77 203 77 189 66 

11 

16 

- - 

- 

- 

" 
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Appendix Summary o/llenkrr Element Teus 

Table A. 23 BE test results for SD, mixtures 70: 30. 

Test No. 
I 

(ki lz) 

First Arrival 
(FA) 

C,, 
(m/s) (AMPa) 

Peak to Peak 
(PP) 

las Gass 
(mfs) (511'a) 

Cross Correlation 
(CC) 

1'I C.,, 
(m/s) (MPa) 

BE70SD420 2 205 76 190 6S 187 63 

4 220 87 196 69 190 6S 

7 220 87 205 76 190 65 

11 

16 - - - - - - 

B E70SD330 2 219 86 196 69 186 62 

4 221 88 207 77 190 65 

7 221 88 207 77 200 72 

II 

16 

- 

- 

- 

- - 

- 

- - 

- 

" 

B E70S D300 2 207 77 194 68 186 62 

4 216 84 204 75 188 64 

7 207 77 204 75 186 62 

16 - - - - - 

BE70SD2S0 2 206 77 196 69 186 62 

4 206 77 204 75 190 65 

7 

I 

216 84 204 7S 194 68 

- I 

16 

- - 

BE70SD210 2 207 77 188 64 185 61 

4 207 77 201 72 190 63 

7 210 79 207 77 194 68 

11 

16 

- 

- 

- 

- - " 

- 
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AppenJir Summary of DenJer Element Tests 

Table A. 24 BE test results for SD, mixtures 60: 40. 

Test No. 
% 

(kllz) 

First Arrival 
(FA) 

1'6 G. 
a 

(m/s) (AIPa) 

Peak to Peak 
(PP) 

V, Go.,, 
(m/s) (MPa) 

Cross Correlation 
(CC) 

V, G,,.. 
(m/s) (MPa) 

DE60SD555 2 177 S4 161 4S 137 33 

4 193 66 180 S6 135 32 

7 

11 

16 

- - - - - 

BE60SD445 2 177 54 169 49 137 32 

4 . 

7 

II 

16 

BE60SD340 2 185 S9 161 4S 137 32 

4 . 

7 

1 

. . 

1 

16 - 

- 

- 

- 

- - 

" 

- 

IE60SD30S 2 176 S4 154 41 136 32 

4 195 6S 176 S4 137 32 

7 

II 

16 

- " 

" 
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Appendix Summary of DcnJ&r Element Tests 

Table A. 25 BE test results for SU, mixtures 50: 50. 

Test No. 
fw 

(kllz) 

First Arrival 
(FA) 

G0.11 
(m/s) (11Pa) 

Peak to Peak 
(i'l') 

1', 640.9 
(m/s) 

Cross Correlation 
(CC) 

I', rp 
lost 

(m/i) 

BE50SD550 2 168 46 149 37 " - 

4 174 50 161 43 

7 176 51 168 46 

16 - - - " 

BE50SD400 2 161 42 154 39 142 33 

4 176 51 161 42 149 36 

7 176 51 165 45 130 

S 

37 

- 11 

16 

- 

- 

- 

- 

- - 

- - - 

BE50SD365 2 162 43 146 35 138 31 

4 177 51 155 39 148 36 

7 

1 

177 51 156 40 146 35 

" 1 

16 - 

" 

- - - " 

BE50SD300 2 153 38 139 32 

4 164 44 153 38 - - 

7 164 44 158 41 " " 

16 
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