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Keywords: Soil improvement using cementitious binders is used throughout the world to improve the strength and stiffness
Soil improvement characteristics of soft soils. Strength verification is typically performed using unconfined compression tests;
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Resonance column free-free test
Compressive strength
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however, these are destructive and do not give detailed information on strength development over time. This
note presents a laboratory investigation using the non-destructive resonant column free-free (RC-ff) technique to
assess the primary wave velocity. This velocity is correlated to strength, and hence strength development over
time can be investigated in detail using this simple and effective technique. Two soft clays, one inorganic and one
organic, were improved with the industrial by-products cement kiln dust and ground-granulated blast-furnace
slag in combination with cement. A semi-theoretical correlation between primary wave velocity and strength is
proposed, and it is seen that this correlation is independent of these soil and binder types. This also applied to the
seismic small-strain compressive modulus. The strength development up to 91 days of curing was investigated
and it was seen that this highly depends on binder type, but to a lesser degree soil type. It is demonstrated that
the RC-ff technique can be of great value both in engineering practice and research.

[11,12]. Unconfined compression (UC) tests are typically performed to
investigate the strength gain after a curing period of 28 days, similar to
normal practice in the concrete industry. However, it is also important to
study the gradual strength development over time, both in practice
where this can highly affect construction timelines and thus costs, and in
research where this can give valuable insights into the soil-binder re-
actions and the cementation process. The strength development over
time can in principle be obtained by UC tests on replicate specimens
[13-20], but on the other hand, uncertainties of variability is intro-
duced, in addition to time-consuming laboratory work.

Non-destructive geophysical testing techniques can be employed to
measure compressive wave (V,,) or shear wave (V;) velocities over time
on the same specimen, eliminating any effects of variability of replicates
[21,22]. These velocities are thereafter correlated to the unconfined
compressive strength (UCS; g,) which can be plotted against curing
time. Most of these techniques, e.g., bender elements, are however time-
consuming and pose challenges both in interpretation of wave arrival
times and sufficient contact between a curing specimen and the piezo-
electric elements.

A simpler and more effective non-destructive alternative is the

Introduction

The deep mixing (DM) method is used throughout the world to
improve the strength and deformation characteristics of soft soils [1,2].
One of the most common applications is within the transportation sector
where DM is used extensively to e.g., improve the stability and reduce
settlements of railway and road embankments, and for foundations of
bridges and other infrastructures. The method is performed by me-
chanically mixing either a water-cement slurry into the soil, referred to
as the wet method, or mixing only a dry binder into the soil, referred to
as the dry method. The traditional binders used to produce cementitious
products in the natural soils are cement (C) and quicklime (QL), and the
strength gain of improved soils using these binders have been shown to
depend on e.g. soil type, binder type and quantity, degree of mixing,
curing and testing conditions, etc. [1,3-5].

Many studies have been made to replace the traditional binders with
industrial by-products in attempts to lower the carbon dioxide emissions
of the DM method. Examples of these are ground-granulated blast-
furnace slag (GGBS) [6-8], cement kiln dust (CKD) [4,9,10], and fly ash
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List of notations

a Binder quantity [kg/m>]
Esg Secant Youngs’ modulus to 50% peak strength [kPa or
MPa]
Vi Compression wave velocity (primary wave) [kPa]
fe Resonant frequency [1/5s]
qu Unconfined compressive strength (UCS) [kPa]
Wy Natural water content [%]
C Cement
CKD Cement kiln dust
DDM Dry deep mixing
GGBS Ground-granulated blast-furnace slag
WDM Wet deep mixing
L Specimen length [m]
wbr Water to binder ratio, weight ratio [-]
Table 1
Basic properties of the two soils.
Parameter Clay Gyttja
Unit weight, kN/m? 14.9 13.0
Water content, % 94-96 147-159
Liquid limit, % ~95 ~150
Unimproved shear strength, kPa 10-15 4-8
Remoulded shear strength, kPa ~1 1.5-2
Organic content, % ~2 ~8
Table 2
Chemical composition of the binders.
Oxide CEM II CKD GGBS
Ca0, % 60.0 52.3 36.0
Si0,, % 21.0 15.5 36.0
Al,03, % 5.0 3.6 10.0
Fe,03, % 2.3 2.1 0.4
MgO, % 2.9 2.7 13.0
Alkali, % 0.9 10.0 1.0

resonance column free-free (RC-ff) technique, which can be used to
assess V, at various curing times on one specimen, and hence the
strength development over time can be investigated. The applicability of
this technique for soil improvement have been seen in several studies
[23-27], however, none of these have studied the strength development
over time and how this varies depending on soil and binder type, e.g.,
the effectiveness of different industrial by-products. One exception is the
work by Lindh [28-30]; however, the strength difference over time for
varying by-products was not studied.

This note presents a study on the strength development over time

Hammer to lightly Longitudinal wave
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using the industrial by-products GGBS and CKD in combination with C.
Two natural soft Swedish clays are improved; one inorganic clay simply
referred to as ’clay’, and one organic clay referred to as °gyttja’. In
addition to their natural state, water was added to some specimens to
simulate the effect of change in water content when using the wet
method as compared to the dry method. The RC-ff technique was per-
formed on specimens at different curing times from 7 days of curing up
to 91 days of curing. The V, was used to assess the strength development
over time, in addition to investigating the seismic small-strain
compressive modulus E,. UC tests were performed on specimens at
28 and 91 days of curing to establish a correlation between V, and g,
and to obtain the large-strain Youngs’ modulus up to 50% peak strength
(Es0).

The simplicity and effectiveness of the RC-ff technique is demon-
strated, as well as how it can be used to study the stabilisation effect of
industrial by-products in different soil types. It is seen that there is a
clear difference in strength over time, which need to be considered in
engineering practice. Further, a semi-theoretical correlation between g,
and V), is proposed, and it is seen that this better fit the data than pre-
viously proposed pure empirical correlations. It is believed that the re-
sults presented herein is valuable to both practitioners and researchers
of soil improvement.

Materials and methods

The soils used in this study were collected from a near-shore site in
Stockholm, located in south-eastern Sweden. The water depth at the site
is around 10 m, and the stratigraphy consists of around 5-6 m gyttja, an
organic clay consisting of around 8% organic content and a natural
water content (wy) of around 150%. The gyttja is categorised as 'OH’
according to the unified soil classification [31]. The gyttja is underlain
by around 10-12 m *inorganic’ clay with around or less than 2% organic
content and a wy of around 95%, categorised as "CH’ [31]. Both have an
intact undrained shear strength classified as extremely to very low ac-
cording to EN ISO 14688-2. Basic properties of the soils are shown in
Table 1. Two batches were made for each soil type from which soil
samples was extracted to perform the laboratory mixing works.

The binders used for the improvement consisted of C and the in-
dustrial by-products CKD and GGBS. The C was a standard Portland
cement CEM II [32] and the CKD a kiln dust from cement production,
both obtained from the cement manufacturer Cementa Sweden. The
GGBS, a by-product produced by iron blast furnaces in the iron
manufacturing industry, was obtained from Thomas Concrete Group
Sweden. Table 2 show the chemical composition of the binders. The
binders were combined in three different compositions: 100% CEM II
(designed 100C), 50% C and 50% CKD (designated 50C/50CKD) and
30%C and 70% GGBS (designated 30C/70GGBS). The binder quantity
() was varied between 90 and 400 kg of dry binder per m® soil.

The mixing was performed by first homogenising the natural soil for
around 3-5 min using a kitchen mixer with a K-type paddle assisted
manually with a spatula when necessary, whereupon the dry binder was
added. To simulate the effect of change in water content for the wet

excite specimen propagation Accelerometer
' ' Data
acquisition
Specimen
Soft foam

Fig. 1a. Illustration of the RC-ff method.
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Fig. 1b. Photograph of the RC-ff method in use.

mixing method, water was added to a few specimens prior to the dry
binder and homogenised with the soil, highlighted in figure legends by
“-WC adj”. The weight of water was 0.7-0.8 times the added dry binder
quantity. The mixtures were then homogenised for around 5 min and
subsequently moulded in plastic cylinders using the rodding technique
[33]. The total time from start of mixing to completion of moulding was
within 20-30 min. All specimens were cured for 3 days in the cylinders,
after which they were carefully extracted and thereafter cured in

watertight plastic bags to allow for RC-ff testing. All specimens had a
diameter of 50 mm and a height of approximately 100 mm and were
cured in room temperature. Three replicate specimens were made for
each mixing combination, where two were cured for 28 days and then
tested with the RC-ff test and UC tests. The final specimen was cured for
91 days and tested with the RC-ff technique at 7, 14, 28, 56 and 91 days,
when a UC test also was performed.

RC-ff measurements are performed on improved cylindrical speci-
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Fig. 2a. Binder quantity a vs. strength g, for all clay specimens cured at 28 days (30C/70S = 30% cement / 70% slag, 100C = 100% cement, 50C/50CKD = 50%

cement / 50% CKD).

mens lying on a soft foam. A light impact is executed at one end whilst
measuring the amplitude at the other end using an accelerometer or a
geophone. The impact creates longitudinally transmitted compression
waves, also referred to as primary waves, and a natural resonant fre-
quency is obtained as the specimen has free-free boundary conditions
both in longitudinal and transversal direction. Using a fast-Fourier
transform, the amplitudes are obtained in the frequency domain, and
once the resonant frequencies are detected, the V, can be calculated
according to equation 1: Vp = 2Lfp, where L is the specimen length and
fp is the resonant frequency [34]. A similar standardised test procedure
also exists for concrete testing [35].

The RC-ff technique is illustrated and shown in Figs. 1a and 1b. In
this study, a lightweight accelerometer 352B10 from PCB Electronics
with 2-10,000 Hz frequency range and a National Instrument vibration

device USB-4432 was used. It thus requires little equipment. The time
for execution is short, typically a few minutes including specimen
preparation. Very strong correlation between V, and g, have been
shown [24,27], and the increase in V,, over time can thus be used to
assess the strength (g,) development over time. It should be noted that it
is also possible to obtain the shear wave velocity by using the RC-ff
method, however, this has not been done in this study.

Results and discussion

Figs. 2a and 2b plots strength gain (g,) after 28 days of curing for clay
and gyttja, respectively. A similar trend of g, vs. a for all binder com-
binations in the clay was seen, although 50C/50CKD seemed to be in the
lower range. For the gyttja, however, there were large differences
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Fig. 2b. Binder quantity a vs. strength g, for all gyttja specimens cured at 28 days (30C/70S = 30% cement / 70% slag, 100C = 100% cement, 50C/50CKD = 50%

cement / 50% CKD).
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Fig. 3a. Water-binder ratio wbr vs. strength g, for all clay specimens cured at 28 days (30C/70S = 30% cement / 70% slag, 100C = 100% cement, 50C/50CKD =

50% cement / 50% CKD).

between the binder combinations. It was seen that the 30C/70GGBS
gave considerably higher g, for a certain a. The strength gain can be
explained using the water to binder ratio (wbr), defined as the ratio of
total mass of water (originating from its natural content and any added
water) and the dry mass of binder [1,13,20]. Results of g, vs. wbr is
therefore shown in Figs. 3a and b for clay and gyttja, respectively. An
expected decrease in g, was obtained with increasing wbr, irrespective of
the type of soil and binder as also reported by e.g.[13,20,36-38]. For the
clay, Fig. 3a, the binder 100C showed the largest strength and 50C/
50CKD showed the lowest strength when the wbr was small, but the
strength gain was almost in the same order irrespective of the binder
type when the wbr became large. For gyttja, Fig. 3b, a similar phe-
nomenon was observed; however, the 30C/70GGBS showed the largest
strength gain almost throughout the whole wbr range. Further, there was
no significant difference in strength gain as the water content was

adjusted for either the clay or the gyttja, independent of the type of
binder. There was a large scatter in the results; however, they none-
theless give clear indications of differences and similarities of type of
method and type of binder.

Based on the RC-ff results, the small-strain seismic compression
modulus (Epq) can be calculated according to elastic theory, equation
2:Emax = pVPg, where p is the bulk density. Fig. 4a plots results of g, vs.
Enax for all specimens. Here, Epq, ranged between 600 and 1,300 times
qu where the average relationship was En. =~ 860q,. In practice, the
small-strain shear modulus (Gyqy) is more used for design, but since the
Poisson’s ratio (v) for stabilised soils has been shown to vary between ~
0.25 and ~ 0.45 [1,39], the Gmq, Was calculated to range from ~ 300 to
~ 360 times g, (equation 3: Gmgx = Emax/2(1 + v)). This is in the range
as reported by other researchers on C and QL improved clays, and shows
that the correlations are valid also for industrial by-products and for
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Fig. 3b. Water-binder ratio wbr vs. strength g, for all gyttja specimens cured at 28 days (30C/70S = 30% cement / 70% slag, 100C = 100% cement, 50C/50CKD =

50% cement / 50% CKD).
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Fig. 4a. Strength g, vs. small-strain modulus Epqy for all specimens.

both inorganic and organic clays.

For comparison, Fig. 4b plots g, vs. the large-strain modulus, i.e.,Esg.
The type of soil gave slightly different linear trends where on average
Esp ~ 140 x g, was seen for the clay and Esy ~ 110 x g, for the organic
gyttja. These are similar values as seen previously on soft Swedish clays
[4,14] where q, typically is below 1,000 kPa, but lower than several
other studies where the g, typically is considerably higher than 1,000
kPa [40,41]. The ratio between the large and small strain moduli, Es
and Epq, was on average around 6-8.

Fig. 5 shows results of V,, vs. g, for all specimens tested at 28 and 91
days of curing. Previously proposed correlations between V;, and g,
found in literature are purely empirical; however, by a theoretical
consideration, g, should be squared of V,, (equation 2), assuming a linear
correlation between g, and Epq, which is evident based on Fig. 4a. A
strong correlation using this theoretical principle is seen which fit the
data well, equation 4: g, ~ 0.0015Vp2, where the factor 0.0015 was

found to match the empirical data well. It was not dependent on soil or
binder type, neither on any adjustment of water content. The correlation
deviates somewhat from the previously empirical correlations seen for C
and QL improved clays [27,28], however, it better fit the data and was
valid over a large strength interval where g, ranges from around 100 kPa
to close to 1,400 kPa. The data shows that V,, from the RC-ff technique
can be used to study the strength development over time with high
confidence.

Based on this semi-theoretical correlation, Fig. 6 plots the strength
development over time, calculated by equation 4, for the different
binder combinations. It is seen that most specimens improved with 100C
exhibited a very early strength increase, with one exception, whilst the
30C/70GGBS and 50C/50CKD had a slower strength development at
early curing age. In fact, for the RC-ff technique, it is difficult to measure
V, for very soft specimens since they need to keep their shape without
support (free-free boundary conditions), and hence some specimens
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Fig. 4b. Strength g, vs. large strain modulus Es, for all specimens.
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Fig. 5. Primary wave velocity V, vs. strength g, for specimens cured at 28 and 91 days.

could not be measured at very early curing age. The undrained shear
strength immediately after mixing was however assessed using the
Swedish fall cone method to around 1-6 kPa for all mixing combina-
tions, a method also employed by other researchers at early curing age
[21]. There were however no correlations between this immediate
strength gain and strength after longer curing time.

Strength results over timer are in Fig. 7 normalised to the strength at
28 days of curing to better understand the differences. Most 100C
specimens gained around 0.5-0.6 of the strength at 28 days of curing, i.
e., the strength increase from 7 to 28 days of curing was 50-100%. From
28 to 91 days of curing however, the increase was only 0-30%. This is
expected since the cement hydration reaction is fast, which also has been

shown in other studies on soil improvement [4,13]. For 100C, the
strength development in general follows the relationship g, =
0.3In(t)qy(2s) proposed by Ahnberg [14].

The strength development in specimens improved with 30C/70GGBS
were considerably slower. This is caused by the fact that there is a lower
amount of cement hydration reactions products causing strength gain at
early ages. Instead, reactions with GGBS are highly governed by slow
pozzolanic reactions which typically occur after about 4 weeks. Up to 28
days of curing, the strength gain was nearly linear, where after it
gradually decreased in rate. The increase from 28 to 91 days of curing
was large, between 70% and 130%, illustrating the importance of taking
this into consideration. Specimens improved with 50C/50CKD exhibited
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Fig. 6. Strength g, vs. curing time. g, is calculated by equation 4.
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Fig. 7. Strength g, normalised to strength at 28 days of curing vs. time.

a strength development in between these two extremes, which is
reasonable since the proportion of C also is in between.

Concluding remarks

This paper presents a laboratory study comparing different binders
using the RC-ff geophysical technique. It is demonstrated that the RC-ff
is a simple and effective technique which require very little effort but
give highly valuable information on for example strength development
over time. This can be used in practice to assess the performance of
different by-products and if and how this will affect construction time-
lines and costs. Notably, the RC-ff tests can be performed on both
laboratory-prepared specimens or samples extracted from field, allow-
ing practitioners to adjust execution or binder quantities in early stages
of the quality control and assurance procedure. In fact, the strong cor-
relation between V,, and g, means that even the absolute strength value
can be assessed with this non-destructive technique. In research, the
value primarily lies in the complementary data one obtains to better
assess soil-binder reactions and the cementation process.

The results presented herein can be summarised as follows:

o A semi-theoretical correlation (g, ~ 0‘0015V3) is proposed and was
found to be independent on type of soil or if the water content of the
natural soil was adjusted. It was also independent of type of binder,
in this case C and the industrial by-products CKD and GGBS.

The small-strain compressive modulus Eq was shown to be on
average around 860 times g,, compared to Esy which was 110-140
times q,. This is somewhat lower than many other studies but is
believed to be caused by the lower g, for the specimens tested herein.
The type of binder highly affects strength development over time.
Specimens improved with C followed a logarithmic strength in-
crease, but specimens containing CKD and GGBS exhibited a slower
strength development. For 30C/70GGBS, the increase from 28 to 91
days of curing was 70-130%, illustrating the importance of taking
this into consideration in engineering practice as this can reduce
total binder quantities considerably compared to normal testing
procedures.
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