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ABSTRACT Portland cement and lime are commonly used binders in deep dry soil mixing (DDSM). However, their production is energy
intensive, expensive and environmentally unfriendly. Pressure is mounting to develop more sustainable alternatives, such as geopolymers.
DDSM has previously proved effective in treating sections of high-speed railways with poor ground conditions. Traditionally, monotonic
properties of geopolymers have been used to assess their suitability for stabilising railway embankments. However, their dynamic properties require investigation to provide better estimates of their response to high-frequency train traffic. A new GGBS-NaOH binder significantly reduced axial displacements within a soft alluvium after the simulated passage of a high-speed train (HST); and has great potential
for using GGBS-NaOH as a more sustainable binder for future UK DDSM projects, including HS2.
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ground conditions are abundant in the UK and can be
expected along the proposed route. DDSM could
treat such ground conditions, given its success in stabilising Sweden’s Vastkustbanan[11] and the Channel
Tunnel Rail Link[7]. Investigating geopolymers’
monotonic behaviour is insufficient in assessing their
suitability for stabilising high-speed railway embankments, given the associated high-frequency dynamic loadings. This paper explores using dynamic
and monotonic triaxial tests to more accurately simulate and understand the behaviour of untreated and
geopolymerised soils when subjected to HST loadings.

INTRODUCTION

Soft soils including alluvium present challenging
ground conditions; given their high settlement and
poor bearing capacities. DDSM is becoming popular
in the UK for treating such soils by creating cementsoil columns via auger mixing. Portland cement
(CEM-I) and lime have long been utilised as binders,
though CEM-I usually provides higher strengths[1,2].
Soil water and calcium silicates/aluminates within
the binders hydrate to form calcium silica hydroxide
(C-S-H) and/or calcium aluminate hydroxide (C-AH). These continue forming over long time-periods
via pozzolanic reactions when soil pH ≥10.5 [3], producing stronger “Geopolymers”[4].
CEM-I production contributes ~7% of global CO2
emissions[5]. Its continued use in DDSM is unsustainable; placing pressure on the construction industry to
find sustainable binders with comparable engineering
performances. Recent efforts have focussed on recycling
alumina-silicate
industrial
by-products
(IBP’s)[6,7,8]. Adding alkali activators to IBP’s can increase rates at which geopolymers’ mechanical properties improve by raising pH[9].
The UK government has outlined plans for HS2 to
better connect major northern cities to southern England and European railway networks by 2026 [10]. Soft
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ENGINEERING PERFORMANCE OF A
GEOPOLYMER

The suitability of NaOH activated ground granulated blast furnace slag (GGBS) to stabilise a soft alluvium from Lanton near Wooler, Northumberland
(UK) was examined, along with determining any
mineralogical/microstructural changes. Table 1
summarises the soil’s index properties, which are unlikely to interfere with cementitious reactions. The
soil’s PSD suggests it is potentially liquefiable[13],
thereby emphasising the need for treatment.
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2.1

The engineering properties considered in assessing
GGBS-NaOH’s suitability include compressive
strength (UCS), pH and durability. Samples were
cured within wax-sealed PVC tubes and tested every
7 days to 56 days[14,15,16]. 2.5, 5, 7.5 and 10% dosages
by dry weight (6.7:3.3 GGBS-NaOH ratio) were added to determine the most effective dosage. For comparison, tests were also conducted on the alluvium
when untreated; and stabilised with lime/CEMI/GGBS at 5-10%.

56 day strengths recorded for 5-10% GGBS were
poor (77-157kPa) (Figure 1); and under-performed
untreated (206kPa), 5-10% lime (75-695kPa) or 510% CEM-I (179-1009kPa) samples. The higher
strengths of untreated samples may be attributed to
structure[17]. Hence, NaOH activation was necessary
to increase strength.
2.5-5% GGBS-NaOH achieved poor strengths,
similar to 5% lime/CEM-I. 10% GGBS-NaOH samples exhibited the highest and most rapid strength
enhancements (2.73MPa after 56 days). Although
7.5% GGBS-NaOH samples produced lower initial
strengths, values of 1.4MPa initiated after 21 days;
with 28 day strengths exceeding those of 10%
lime/CEM-I by factors of 2-3, thereby meeting [18]
criteria.

Table 1. Geotechnical and physico-chemical index properties of
Lanton alluvium.
Property
In-situ moisture content (%)
Plasticity Index (%)
Liquid Limit (%)
Saturated unit weight (kN/m3)
Bulk Density (Mg/m3)
Dry density (Mg/m3)
Cation exchange capacity (cmol/kg)
Specific surface area (m2/g)
Total organic content (%)
Sulphate content (mg/kg soil)
BS 5930 (BSI, 1990) classification

Strength

Value
25
14.95
35.66
18.44
2.0
1.74
11.45
6.45
0.76
49
Silty SAND

2.2 pH
The untreated alluvium’s pH ranged between 6.7–
7.2. 5-10% CEM-I/lime produced pH >11.2 for 56
days. pH for GGBS samples were <10, highlighting
the need for activation. For GGBS-NaOH specimens,
all dosages raised pH to ≥11.7. Values of 12.6-12.9
were recorded for 7.5 and 10% samples, confirming
pH conditions were ideal for pozzolanic reactions.
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Figure 1. Unconfined compressive strength development for all binder mixtures and dosages used to stabilise Lanton alluvium.
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10% GGBS-NaOH was the most effective binder,
followed by 7.5% GGBS-NaOH; recording negligible volumetric or moisture content variations (Figure
2f).

2.3 Durability
Given the silty/sandy nature of the alluvium, surface water will percolate through the soil and potentially cause shrinkage/swelling during wetting-drying
and freezing-thawing periods. GGBS-NaOH must be
able to contend with such aggressive cycles to prevent DDSM column disintegration.
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2.3.2 Freezing-thawing
5% lime/CEM-I samples failed after first immersions. 10% CEM-I survived 12 cycles but experienced 60% volumetric reduction. GGBS activation
was essential to ensure samples survived >3 cycles.

Volume Change (% of original)

The 7.5% GGBS-NaOH mixture was selected for
further study, given its similar performances to 10%
GGBS-NaOH and improved sustainability. Quantitative XRD and SEM-EDX analyses were conducted
on the untreated and 56 day 7.5% GGBS-NaOH
samples. The soil contained Quartz, Orthoclase/Albite Feldspars, Dolomite, Chlorite, Illite,
Vermiculite and Na-Montmorillonite. Chlorite and
Dolomite were not detected within the stabilised soil;
implying their Ca/Al/Si contents were consumed to
form cement minerals. SEM analyses of the stabilised soil showed cementitious growths infilling void
spaces (Figure 3a). GGBS particles also displayed
cementitious surface coatings. Point element analyses
(Figure 3b) revealed that the cementitious gels are
probably C-(N)-A-S-H.

2.3.1 Wetting-drying
10% CEM-I samples were the only traditional
mixtures to survive the testing period. Large volumetric losses were observed for 5% CEM-I, 5-10%
lime and 5-10% GGBS samples; each surviving 2-3
cycles. 2.5-5% GGBS-NaOH displayed similar performances. However, 7.5-10% GGBS-NaOH displayed impressive performances (Figure 2c) and experienced negligible volume/moisture content
variations.
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MINERALOGICAL AND
MICROSTRUCTURAL ASSESSMENT
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Figure 2. Volumetric changes experienced by samples during: (a-c) wetting-drying and (d-f) freezing-thawing testing.
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(a)
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Figure 3. (a) SEM micrograph showing cement development within GGBS-NaOH stabilised alluvium after 56 days curing; (b) EDX spectra for point “0” on Figure 3a.
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strength
parameters
were
φ’=37.25o
and
c’=360.5kPa. When CIU samples reached advanced
yielding and touched their failure envelope, a phase
transformation occurred (Figure 5). The stress paths
then dropped towards the CSL28dayCement. Hence, the
non-linear CSL28dayCement and failure envelope do not
coincide. For simplicity, an average M value of 1.22
was obtained.

STATIC AND DYNAMIC BEHAVIOUR

4.1

Static behaviour
Undisturbed-untreated (Undis) and 28 day cured
7.5% GGBS-NaOH stabilised (28d) alluvium underwent isotropically consolidated triaxial testing under
drained (CID) and undrained (CIU) conditions. Effective confining stresses (p’0) of 50, 150 and 250kPa
were used for Undis samples; and 200, 400 and
600kPa for 28d samples.

3.5

CSLUndis

4.1.1 Untreated alluvium
All samples displayed work hardening under
p’0=50-150kPa. However, for p’0=250kPa, softening
occurred at axial strains (εa) >7%. Strain-localisation,
shear plane development and dilation occurred within
all samples, with minor contraction at small strains.
In effective Cambridge stress space, the soil’s failure
envelope coincides with its critical state line
(CSLUndis) (Figure 4). An M value of 1.37 was derived from CSLUndis, giving φ’=33.87o and
c’=6.68kPa.
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4.1.2 28 day cured 7.5% GGBS-NaOH
Increasing p’0 only influenced samples’ deviatoric
stress (q)–εa behaviour for p’0>200kPa, similar to [19].
Samples experienced strain-localisation and dilation;
the latter becoming more pronounced when
p’0=200kPa. Strain softening occurred upon cementitious bond degradation. The measured effective shear
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Figure 4. p’0 normalised effective Cambridge stress paths, CSL’s
and yield loci for undisturbed alluvium.
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eting. Ru values were <0.08 and cyclic q-εa stress
paths are located beneath the monotonic q-εa line
(Figure 6b); indicating minimal liquefaction risk.
Whilst the εa experienced falls outside the small
strain range, it is within the material’s elastic zone.
No long-term PWP reductions were observed, suggesting cementitious bonds had not degraded. Visual
inspections of samples post-testing showed no fracturing.
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GGBS-NaOH-based geopolymers show great potential as CEM-I/lime replacements in DDSM. The
performances met or surpassed [18] criteria. Whilst
10% dosage produced the most impressive performances, some engineering scenarios (i.e. DDSMstabilised railway embankments) require lower stiffnesses to prevent brittle failures and hence, a lower
dosage (7.5%). This successfully increased soil stiffness, minimised εa/PWP ratcheting and liquefaction
risk during HST loading. GGBS-NaOH showed
comparably small axial displacements to those for
lime/CEM-I columns used to stabilise the Vastkustbanan. Thus, GGBS-NaOH may be suitable for stabilising problematic soils along the proposed HS2
route. Its impressive performances were attributed to
C-(N)-A-S-H gels. No unfavourable minerals such as
ettringite were observed, given the hydration kinetics
of GGBS-NaOH systems and low sulphate content[22]. Given high transportation costs, careful planning is needed to minimise distances between source
plants and site to ensure that geopolymers remain
sustainable and competitive. The current market price
of CEM-I is £70/tonne[23]. Per world market prices
and exchange rates from July 2014[24], the cost of
7.5% GGBS-NaOH would be £75/tonne. Hence, this
price would only need reducing by 7% to breakeven
with the price of CEM-I. This warrants further investigation to determine the engineering performance of
a lower dosage when used to treat Lanton alluvium
amongst other problematic soils. If successful, the
binder’s commercial value would be significant.
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Figure 5. p’0 normalised effective Cambridge stress paths, CSL’s
and yield locus for 28d 7.5% GGBS-NaOH alluvium.

4.2 Dynamic behaviour
Undrained one-way-dynamic tests were conducted
under p’0=60kPa, simulating 3m depth beneath a
railway embankment, assuming embankment fill unit
weight is 20 kN/m3. The loading conditions simulated an InterCity-125 HST travelling at 125mph. Due
to equipment limitations, the true loading frequency
(27.94Hz) could not be applied. Thus, a frequency of
2.794Hz was used.
4.2.1 Untreated alluvium
Pore water pressures (PWP) and εa ratcheted with
loading. Total plastic εa accumulations of 1.4% were
recorded, which could cause unfavourable surface
displacements; confirming the soil’s sensitivity to
dynamic disturbances. Excess pore pressure ratios
(Ru) also increased with loading, ranging between
0.3-0.4. Hence, liquefaction was not observed[20]. The
peak cyclic q exceeded the peak monotonic q (Figure
6a), due to the soil’s viscous response to the high
loading frequency[21], which dictates q and plastic εa
accumulations.
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Figure 6. Cyclic (red) and respective monotonic (blue) deviatoric strengths at p’0 = 60kPa for: (a) Undis and (b) 28d samples.
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