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Abstract

This research is composed of four main areas: Sustainable Construction Materials,
Advanced Geotechnical Engineering, Ground Improvement Techniques and Sustainable Road
Engineering. In the Sustainable Construction Materials, the recycled materials such as mud flood
soil, water treatment sludge and recycled asphalt pavement were used as aggregates to develop
cement based construction materials. Advanced laboratory testing, constitutive modeling and
numerical analysis of geotechnical problems are included in the Advanced Geotechnical
Engineering. The Cam Clay model was extended to predict shear and compression behavior of
natural clay inside and on the yield surface. The application of numerical simulation to examine
geotechnical failure mechanism of earth structure was also reported. Research into chemical
stabilization and earth reinforcement is included in Ground Improvement Techniques. The
success of various types of cementing agents such as lime, cement, gypsum and geopolymer on
the problematic soils in both low and high water contents was reported to understand the factors
controlling the strength gain. Results of physical model tests on the Kenaf geotextile reinforced
soft clay ground, interface shear tests on the geogrid reinforced recycled concrete aggregates,
and full-scale tests on the bearing reinforcement earth wall were reported to illustrate the
effectiveness of both extensible and inextensible earth reinforcements in solving geotechnical
problems. The practical design method was moreover suggested, which is useful in term of
engineering and economical perspectives. In Sustainable Road Engineering, innovative
technologies with recycled waste materials for road structure (base, subbase and subbase)
including industrial by-products and Construction and Demolition (C&D) materials were
presented, which has significant environmental, social and economic benefits. Industrial by-
products included Fly Ash (FA), Rice Husk Ash (RHA), Granulated Blast Furnace Slag (GBFS),
Calcium Carbide Residue (CCR), Lime Kiln Dust (LKD), Cement Kiln Dust (CKD), Recycled
Tire Crumb (RTB), and Melamine Debris (MD). The recycled C&D materials included Waste
Foundary Sand (WFS), Recycled Asphalt Pavement (RAP), Recycled Concrete Aggregate
(RCA), Recycled Crushed Brick (CB), Recycled Plastic Granules (RPG), and Recycled Glass
(RG). The application of polyvinyl alcohol to improve the flexural behavior of rigid pavement

and of fibers to improve dynamic response of flexural pavement is also reported.
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EXECUTIVE SUMMARY

This research consists of 4 areas: Sustainable Construction Materials, Advanced
Geotechnical Engineering, Ground Improvement Techniques and Sustainable Road Engineering.

The summary of the research output is presented in the following sections.

1. SUSTAINABLE CONSTRUCTION MATERIALS

In this part, mud flood soil, water treatment sludge and recycled asphalt pavement were
used as aggregates to develop cement based construction materials. A biomass silica stabilizer,
commercially called as SH85, was successfully used to enhance the engineering properties of the
mud flood soil to be non-bearing masonry unit. The SH585 could increase the soil strength up to
10 times (1330 kPa) of the unstabilized strength but was still lower than the strength requirement
specified by British Standard Institute. An addition of 2% of cooking salt with 105°C curing
could significantly improve the unconfined compression strength (UCS). The additional cooking
salt with heat curing caused the aggregation and enhanced the chemical reaction of the SH85
stabilized soil. The aggregation and C-S-H and C-A-H products resulted in the dense and strong
soil structure and strength development.

Water Treatment Sludge (WTS)-Calcium Carbide Residue (CCR) geopolymers were
evaluated as a sustainable masonry non-bearing unit. The WTS was a by-product from a water
treatment plant while CCR was a by-product from an acetylene gas factory in Thailand. Sodium
hydroxide solution (NaOH) and sodium silicate solution (Na,SiOs;) were used for the
geopolymerization process. The UCS, water absorption and durability of WTS-CCR geopolymer
were studied. The test results indicated that the optimal liquid alkaline activator (L)/CCR ratios
provided the maximum unit weight decrease with CCR contents for all the Na,SiO3/NaOH ratios
evaluated. The optimal L/CCR ratios were found to be 16, 8, 5.33, 4, 3.2 and 2.67 for CCR
contents of 5, 10, 15, 20, 25 and 30%, respectively. The Na,SiO3/NaOH ratio of 70:30 was found
to give the highest maximum unit weight and UCS amongst all the WTS/CCR ratios tested.

Three zones of UCS development with CCR content were evident being the active, inert and
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deterioration zones. In the active zone, the UCS increased significantly as the CCR content
increased and the maximum UCS was attained at 10% CCR. In the inert zone, the UCS
development was gradual. When the CCR content > 20% in the deterioration zone, subsequent
strength decrease was observed. The wetting-drying (w-d) cycle strength, UCS.qy depends
primarily on the initial soaked strength, UCS,. A UCS.q) predictive equation was proposed for
assessment of the initial strength to attain required wetting-drying strengths. Based on the UCS
and water absorption requirements, an optimum ingredient comprising 10% CCR and 70:30
Na,SiO3/NaOH with room temperature curing can be recommended for non-bearing masonry
units.

The strength development of cement mortar (CM) containing recycled asphalt pavement
(RAP) as fine aggregate replacement for natural sand was investigated by means of strength, X-
ray diffraction and scanning electron microscopy tests. The effect of the RAP replacement ratio,
water to cement ratio (w/C) and curing time on strength development was evaluated. RAP had
noticeably higher water absorption at saturated surface dry (SSD) state and slower rate of
absorption than sand. The additional water to be compensated for the SSD state remained as the
free water in the mix after hardening. RAP replacement at an optimum ratio of 25% increased
the production of cementitious products and compressive strength for low w/C of less than 0.5,
which was insufficient for cement hydration. While RAP replacement caused larger porosity and
the production of lower cementitious products and compressive strength for high w/C of more
than 0.5. Based on the critical analysis of the test results, the combined water (w*) parameter was
defined as the sum of reacted water (w) and after-hardening unabsorbed water (w,). This
parameter was used to generate the extended water to cement ratio law for prediction of strength
development in RAP-CM.

2. ADVANCED GEOTECHNICAL ENGINEERING

In this part, the general constitutive model for clay at low and high stress state level was
developed and the use of numerical simulation to solve geotechnical problems was illustrated.
The Modified Cam Clay model (MCC) is extended based on S-shaped compression so that the
quantitative inaccuracies and the qualitative errors of the model associated with both low and

high stress levels can be removed. The following modifications are made: (i) a material constant
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r, the spacing ratio, is introduced; (ii) the yield surface is modified with so r = 2; (iii) the ratio of
the elastic compression index to the virgin compression index is assumed to be constant. The
compression and shearing behavior of reconstituted clays for p’ < «c and sands at high stress can
be successfully described. Following the same method, the proposed complete S-shaped
compression curve can be implemented to many existing models, removing errors of the models
at the extremities of stress level and improving the performance of the models for different stress
levels with one set of values of the model parameters.

The numerical analysis to solve the real-world problem on a collapsed riverbank
protection structure, located in the curvature of the watershed along the Pasak river in Saraburi
province, Thailand is presented as an example. The site investigation and finite element analysis
indicated that the failure occurred due to natural disaster events. During the rainy season, water
flows into the river from upstream farmlands by crossing the backfill of the retaining wall which
acts as a riverbank protection structure. Seepage forces were thus developed in the direction of
inflows, which resulted in reduced stability of the riverbank protection structure. Furthermore,
the strong currents in the river continuously scoured the banks, undermining the natural slope in
front of this riverbank protection structure, resulting in soil erosion in the passive zone and
instability of the protection structure. Based on these two causes of failure, a remedial solution
was devised using a new bored pile riverbank protection structure with the usage of
geocomposites. Ripraps were installed at the back and front of the bored pile walls to relieve the
structure from seepage forces and to prevent soil erosion. An adequate factor of safety against
the external and internal failure of the new riverbank protection structure was verified by finite

element modelling.

3. GROUND IMPROVEMENT TECHNIQUES
3.1 Earth Reinforcement

Bearing reinforcement is an inextensible reinforcement type, which is manufactured by
welding strongly between a longitudinal member and a set of transverse members. The pullout
capacity of the bearing reinforcement comprises both friction and bearing components. The test
results of residual red clay and previously published test results were analyzed to develop

rational pullout predictive equations. The pullout friction resistance can be calculated by utilizing
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the soil-reinforcement interaction factor, &, which reduces linearly with fines content (F). The

bearing pullout resistance is controlled in the failure plane of transverse member () and

transverse members interference factor (IF). The water content to optimum water content ratio,

w/wowc and F were found to be dominant factors controlling both £ and IF. The £ reduced

from n/2 to /3 with the increase in w/wowc and F. The transverse members interference zone

was larger for lower w/wowc and F. Equations for predicting £ and IF, in terms of the fines

content and water content, were proposed in this paper.

A Bearing Reinforcement Earth (BRE) wall with a residual clay stone backfill was
successfully implemented as an alternative truck ramp support for an on-site crusher plant in the
Mae Moh mine, Thailand. The performance of the BRE wall during and after the end of
construction as well as during the service state was evaluated in terms of, settlement, bearing
stress, lateral movement, lateral earth pressure and tension force in the reinforcements. Bearing
reinforcement is a cost-effective inextensible earth reinforcement, which is composed of a
longitudinal member and transverse members. The maximum settlement at the end of
construction (20 days) was about 5 mm. The installation of the truck ramp (10 days after the end
of construction) resulted in an immediate settlement of about 2 mm. The final settlement due to
the backfill, truck ramp and truck load after 270 days was found to be uniform due to the
contribution of bearing reinforcement and was approximately 25 mm. The bearing stress which
was uniformly distributed was found to increase rapidly with construction time, which was in
agreement with the relatively uniform settlements. The lateral wall movement at the front and
lateral sides at the end of construction was very small with the maximum movement (at the top
of the wall) found to be less than 10 mm. As such, the ratio of lateral movement to height (6/H)
was found to be approximately 0.12%, which was lower than the allowable value of 0.4%. With
this low &/H and the insignificant change in the measured settlement and lateral movement
during service, the BRE wall was considered to have a very high stability. The coefficients of
lateral earth pressure, K and depth relationship were proposed based on the analysis of measured
maximum tensile force in the reinforcements. The maximum tension plane of the BRE wall

could be represented by the coherent gravity hypothesis. Using the proposed K and maximum
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tension plane, the internal stability of the BRE wall was furthermore examined. A proposed
method of designing the BRE wall with claystone backfill was also proposed.

Due to a lack of high quality natural materials, the usage of recycled concrete aggregate
(RCA) in pavement applications is a sustainable approach for future infrastructure development,
given the significant environmental benefits. Geogrid reinforcement of RCA can improve the
tensile and flexural strengths of the pavement structure to sustain high traffic loadings. The effect
of aperture size, tensile strength of geogrids, normal stress and gradation on shear interaction
between geogrids and RCA was investigated in this research, with the usage of a large-scale
direct shear test (LDST) apparatus. Three types of biaxial geogrids, with different aperture sizes
and tensile strengths, and two RCA samples with different gradations were used in this study.
The interface shear strength was found to be highly dependent upon the aperture width of the
geogrids, D, as well as the RCA particles finer than the aperture width of geogrid, Fp. Based on
the analysis of test results, a linear relationship between interface shear strength coefficient, «,
the ratio of interface shear strength of geogrid/RCA and shear strength of RCA was proposed,
with respect to the D/Fp ratio. The proposed relationship will be useful for a rapid assessment of
the interface shear strength coefficient of geogrid reinforced RCA based on the aperture size of
geogrids and RCA gradation properties.

Besides the bearing reinforcement, the natural Kenaf geotextile can be used in
geotechnical application. The performance of the short-term bearing capacity on soft clay soil
treated by Kenaf geotextile under vertical loading via a small-scale modelling test at unit gravity
was investigated. The ground model was formulated by consolidating kaolin in a rigid testing
compartment. In the loading test, the strip footing was represented by a rigid footing. For the
treated case, a series of tests were performed to examine the effects of the burial depth of the
Kenaf geotextile on the bearing capacity of the soft soil. The Kenaf geotextile was laid beneath
the rigid footing (at the ground surface) and at 50 mm, 75 mm and 100 mm depth from the soil
surface. All the measured results of the Kenaf geotextile treated ground were compared with the
untreated ground. The incorporation of Kenaf fibre geotextile was observed to enhance the
bearing capacity of soft cohesive clay up to 281% depending upon the depth of the installed
geotextile. The geotextile at the surface provided the highest bearing capacity and sustained the
highest displacement at failure.
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2.2 Chemical Stabilization

The success of various types of cementing agents such as lime, cement, gypsum and
geopolymer on the problematic soils in both low and high water contents was reported to
understand the factors controlling the strength gain. Following presents the application of various
cementing agent in geotechnical and pavement engineering.

This research examines the characteristics of uncontaminated and copper-contaminated
clays stabilized by gypsum. Two clay types including bentonite (with predominantly
montmorillonite mineralogy) and kaolin (with predominantly kaolinite mineralogy) were tested
representing high swelling and low strength clays, respectively. The UCS test results showed that
7% and 9% gypsum content were optimal for uncontaminated bentonite and kaolin, respectively.
The microstructural tests delineated that the added gypsum modified the porous network of the
stabilized clays. The level of Cu concentration was found to have a considerable influence on the
engineering properties, phases of hydration products formed, and microstructural characteristics
of the stabilized clays. These changes are attributed to the retardant effect of Cu on the hydration
and pozzolanic reactions, which in turn alter the phases of hydration products and cementation
structure — bonding of the clays. The findings suggest that gypsum can offer an economic and
effective additive for clays stabilization.

Pavement rehabilitation and reconstruction generate large quantities of reclaimed asphalt
pavement (RAP). Improvement of the engineering properties of RAP is required to enable it to
be used as an environmentally friendly alternative construction material in road pavements. The
durability of RAP when blended with crushed rock (CR) and stabilized with Portland cement
was investigated. The CR replacement was found to improve the compactability and durability of
the stabilized RAP/CR material. For a particular RAP:CR ratio, the compaction curves of cement
stabilized RAP/CR blends were found to be essentially the same for all cement contents, but
different for the unstabilized blends; i.e., the maximum dry unit weight of cement stabilized
RAP/CR blends is higher than that of unstabilized RAP-CR blends. The wetting-drying (w-d)
cycles led to a weight loss on cement stabilized RCA/CR blends and led to subsequent strength
reduction. The w-d cycle strengths (quw-a)) for a state of compaction (dry side or wet side or

optimum water content) at any w-d cycle could be approximated from the corresponding initial
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soaked strength (prior to w-d test) (quo). The quo of cement stabilized RAP/CR blends increased
with increasing CR replacement and cement content. Assuming that the CR replacement results
in a similar manner to an increase in cement content, the w/[C(1+kCR.)] was proposed as a
critical parameter in developing gy and quuw-¢) predictive equations where w is water content at
optimum water content , C is cement content, k is replacement efficiency and CR. is CR content.
Based on the quw-a) predictive equations developed, a laboratory mix design procedure for
cement stabilized RAP/CR blends was proposed, which would be valuable for an accurate
determination of the required mix ingredients (RAP:CR ratio and cement content) to attain the
required strength at the design service life.

Traditionally, Portland cement and/or lime are the most popular binders for DSM
application, however the ground improvement industry has been keen to explore environmentally
friendly alternatives with low carbon dioxide emission. This research aims at investigating the
use of stockpiled industrial waste by-products, namely fly ash (FA) and slag (S), as alternative
green binders in ground improvement projects, hence reducing the carbon footprint of these
projects. Combinations of FA and S activated by liquid alkaline activator (L) were evaluated for
the ground improvement of a soft marine clay, named Coode Island Silt (CIS). The performance
of the FA + S geopolymers were compared with traditional cement and lime control binders. The
soil moisture content was set at 0.75, 1.0 and 1.25 of the liquid limit (LL) of the soil to replicate
field conditions. 10, 20 and 30% binders, by dry soil mass, were added to the soil, and samples
were cured for 7 and 28 days. UCS, flexural beam and SEM imaging tests were conducted to
evaluate the changes in engineering behavior and microstructure of the mixtures. The strength
and stiffness of the soft clay were significantly increased by using these new FA + S binders,
which substantiated them as alternatives to traditional cement or lime binders. The optimum
binder content was found to be 20%, while CIS + 5%FA+ 15%S was found to be the optimum
mixture. Correlations between UCS and modulus of elasticity (Esp), as well as between UCS and
modulus of rupture (R) for the geopolymer mixtures were furthermore proposed, which would be

valuable for ground improvement designers and practitioners alike.

4. SUSTAINABLE ROAD ENGINEERING
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The innovative technologies with recycled waste materials for road structure (base,
subbase and subbase) including industrial by-products and Construction and Demolition (C&D)
materials were presented, which has significant environmental, social and economic benefits.
Industrial by-products included Fly Ash (FA), Rice Husk Ash (RHA), Granulated Blast Furnace
Slag (GBFS), Calcium Carbide Residue (CCR), Lime Kiln Dust (LKD), Cement Kiln Dust
(CKD), Recycled Tire Crumb (RTB), and Melamine Debris (MD). The recycled C&D materials
included Waste Foundary Sand (WFS), Recycled Asphalt Pavement (RAP), Recycled Concrete
Aggregate (RCA), Recycled Crushed Brick (CB), Recycled Plastic Granules (RPG), and
Recycled Glass (RG). The application of polyvinyl alcohol to improve the flexural behavior of
rigid pavement and of fibers to improve dynamic response of flexural pavement is also reported.

The waste coarse-grained materials can be used to improve the engineering of
problematic soils with fine contents. For instance, the improvement of physical and mechanical
properties of marginal lateritic soil (LS) by MD replacement was evaluated to ascertain the
LS/MD blends as a sustainable engineering fill material. The MD replacement of lateritic soil
reduces the fine content and increases the abrasion resistance of the soil particles, hence the
reduction in liquid limit, plasticity index, LA abrasion and particle breakage. This physical
property improvement leads to superior mechanical properties (soaked CBR and swelling) with
increasing MD replacement ratio as compared to the soil alone. The proposed empirical
equations for predicting soaked CBR and swelling of blends at different MD replacement ratios
and compaction energy levels are useful in the selection of the suitable MD replacement to attain
targeted mechanical property requirements. The physical and mechanical properties of the 20%
MD replacement blend were found to meet the requirement of local road authority for
engineering fill materials while the 50% MD replacement blend was at the borderline for a
subbase course material.

The density, UCS and durability against wetting and drying (w-d) cycles of cement
stabilized LS/MD blends, at various cement contents and MD replacement ratios was evaluated
for stabilized pavement applications. The density and UCS of stabilized LS/MD blends decrease
significantly with the MD replacement ratio. Even with the decrease in UCS, the soaked CBR
and durability against w-d cycles are improved by MD replacement. The optimum MD

replacement ratio was found to be 20%, which corresponds with the highest soaked CBR and w-
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d cycled UCS. The 3% cement LS/MD blend at 20% MD can be used as a stabilized subgrade
material, while 5% cement LS/MD blends at 40% MD and 20% MD can be used as stabilized
subbase and base materials, respectively based on the specification of Department of Highways,

Thailand. These stabilized materials were found to sustain up to 3 w-d cycles.
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