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Abstract: The engineering properties of wastewater residuals (biosolids) can be improved by using waste by-products from local industries.
Dewatered biosolids from a wastewater-treatment plant in New Zealand were mixed, on the basis of the dry weight of biosolids, with 30%,
40%, and 50% of fly ash, lime kiln dust (LKD), and two slags [kontinous oxygen blast maxite (KOBM) and work debris (WD)], respectively,
together with 0%, 10%, or 20% lime. Changes in the shear strength, measured by using a shear vane and triaxial tests, were obtained after 2
and 8 weeks of curing time. The pH of solids was measured and X-ray diffraction and X-ray fluorescence analyses were performed to
determine the mineral and elemental composition of the material. The strain-rate dependency of the strength of biosolids was investigated
by performing triaxial tests at different strain rates. The test results yield a logarithmic relation between strain rate and shear strength. Vane
strengths of biosolids were found to be a factor of 1.8 higher than the triaxial results. The best performing additives are fly ash in combination
with 10% and 20% lime, all LKDmixtures, KOBMwith 10% and 20% lime, andWDwith 20% lime. These mixtures showed a shear strength
equal to or higher than that of biosolids, with 20% lime and a high pH (> 11) after 8 weeks. DOI: 10.1061/(ASCE)EE.1943-7870.0000426.
© 2011 American Society of Civil Engineers.
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Introduction

Modern wastewater-treatment plants remove solid organic matter
from the wastewater and digest it, producing a sludge that requires
disposal. This sludge is also referred to as biosolids [Water Envi-
ronment Federation (WEF) 2008]. Disposal of these biosolids is a
challenge in several urbanized parts of the world because of the
large quantities produced and a scarcity of available disposal space.
Current disposal options for such waste material include its benefi-
cial use to rehabilitate impacted lands or as landfill cover, and its
placement with other solid wastes in landfills or by itself in mono-
fills. These solutions will become more focal as agricultural appli-
cations become more regulated as a response to concerns over
heavy metals (Mosquera-Losada et al. 2010), hormones and phar-
maceuticals (Díaz-Cruz et al. 2009), and nanoparticles (Brar et al.
2010). Alternatives such as incineration consume a lot of energy
and are associated with higher carbon-dioxide emissions (Bednarik
et al. 2004). In New Zealand, 1.5–2 million t of biosolids are pro-
duced annually, of which 90% are used for rehabilitation, as landfill
covers, or disposed of in landfills (Goven and Langer 2009).

The properties of biosolids differ greatly from those of soils—
high organic content (> 60%), low shear strength (< 10 kPa), large
water content (> 300%), and a partially saturated matrix. The com-
bination of low strength and high water and organic content makes
this a problematic material to use in virtually any form of construc-
tion or for land remediation, and its improper use can have severe
consequences. Problems such as flow slides (Claydon et al. 1997),
surface deformation from differential settlement, desiccation crack-
ing, and odor emission because of gas leakage from containment
regions are some of the potential issues associated with improper
biosolid placement. The shear strength of biosolids is the most in-
fluential parameter governing the economics of successful land
remediation and landfill or monofill operations. This parameter
governs the slopes as well as the construction methods that can
be used. For example, a shear strength in excess of 25 kPa allows
for the use of tracked vehicles to place and compact the material.
A high shear strength also lowers the risk of slope failure by flow
slide and allows for the placement of a larger volume of material by
increasing the slope angle as well as the depth of fill.

Enhancement of the shear strength of biosolids has been at-
tempted by either drying (Stone et al. 1998), which requires large
amounts of energy or space for spreading, or mixing the biosolids
with additives such as lime, fly ash, cement, and slag. Of these, lime
is the most common additive (WEF 2008), but because of its high
cost and its main use for biochemical stabilization rather than
solidification, alternatives have been explored. Fly ash is the next
most common choice of additive for strength enhancement. It is a
cheaper alternative to lime and has shown strength improvements
of more than 100% (Cao et al. 2006; Dirk 1996; Lim et al. 2002). In
addition, it has also been successfully used to reduce leachability
and the mobility of organic matter (Lo 2001). Cement has also
shown very similar improvements (Malliou et al. 2007), but be-
cause of its higher costs, it is seldom considered. Slag is another
waste by-product that has been investigated (Chu et al. 2006;
Kim et al. 2005) and has shown a significant strength increase

1Ph.D. Candidate, Dept. of Civil and Environmental Engineering, Univ.
of Auckland, Private Bag 92019, Auckland 1142, New Zealand. E-mail:
ckay008@aucklanduni.ac.nz

2Senior Lecturer, Dept. of Civil and Environmental Engineering, Univ.
of Auckland, Private Bag 92019, Auckland 1142, New Zealand. E-mail:
t.larkin@auckland.ac.nz

3Associate Professor, Dept. of Civil and Environmental Engineering,
Univ. of Auckland, Private Bag 92019, Auckland 1142, New Zealand
(corresponding author). E-mail: n.singhal@auckland.ac.nz

Note. This manuscript was submitted on July 7, 2010; approved on
May 10, 2011; published online on May 12, 2011. Discussion period open
until April 1, 2012; separate discussions must be submitted for individual
papers. This paper is part of the Journal of Environmental Engineering,
Vol. 137, No. 11, November 1, 2011. ©ASCE, ISSN 0733-9372/2011/11-
1002–1011/$25.00.

1002 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2011

http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000426
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000426
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000426
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000426


when mixed with lime. In general, these studies have been per-
formed using mixing ratios ranging from 100% to 300% of the
additive on the basis of the dry weight of biosolids; however,
the use of such large quantities potentially makes the additives
uneconomical and there is a need to investigate the effect of smaller
ratios of additives on the strength of amended biosolids.

The significant strength increase of pozzolanic additives such as
fly ash is due to their high silica and aluminum content, which fa-
vors pozzolanic reactions. Minerals such as ettringite are formed,
and correlation between their formation and the increase in strength
has been observed in several studies (Merlini et al. 2008; Yin 2001).
X-ray diffraction (XRD) has supported the existence of ettringite,
and scanning-electron microscopy has shown the presence of
needle-shaped crystals and the increase in strength is attributed
to the interlocking of these crystals (Lim et al. 2006; Malliou et al.
2007). The positive characteristic of fly ash has made it a useful
additive not only for the solidification of sludge and biosolids,
but also in other technologies such as soft-soil improvement
(Indraratna 1996; Kumar et al. 2007), replacement for portland
cement in concrete production (Elahi et al. 2010; Jaturapitakkul
et al. 2004), and the production of geopolymers (Chindaprasirt et al.
2009; Songpiriyakij et al. 2010). Similarly, if lime is the additive, it
is the formation of the calcium carbonate (CaCO3) mineral that
causes an increase in strength because of its cementitious effect
on the material (Fukue et al. 1999). High pH has also been widely
used as an indicator of biochemical stabilization because a pH
above 11 leads to the immobilization of heavy metals as well as
the destruction of pathogens and lowering of microbial activity
(Bednarik et al. 2004; Samaras et al. 2008).

In previous studies, the shear strength has been measured using
a shear vane device (Koenig and Bari 2001; Koenig et al. 1996;
Stone et al. 1998) or a triaxial apparatus (Chu et al. 2006; Kim et al.
2005; O’Kelly 2005, 2006; Yin 2001). However, few comparisons
of the strength measurements for biosolids by these methods have
been reported in the literature. A comparison of laboratory shear
vane with unconsolidated undrained (UU) triaxial tests (1.6%
strain/minute) showed that the shear vane measurements are
slightly higher than those of the UU triaxial tests (O’Kelly
2005, 2006), while a comparison of strengths using a pocket shear-
ometer with those of a laboratory shear vane showed that the latter
gave results that were lower by approximately 27% (Koenig and
Bari 2001).

This study explores the effect on the shear strength and pH of
amending biosolids with locally sourced waste materials (fly ash,
lime kiln dust, lime, cement and kiln-dust mixture, pond ash,
sludge from the water-treatment process, and smelter slag produced
during steel production and recycling), with or without lime. The
specific objective is to assess whether any of the waste products can
be used to substitute for lime while maintaining or improving the
shear strength of amended biosolids at mixture ratios lower than
those previously used in the literature. Additionally, we investigate
the correspondence between the shear-strength measurements by
the shear vane and the triaxial apparatus for lime-amended and
unamended biosolids.

Material and Methods

The biosolids used in this study were collected from the waste-
water-treatment plant (WWTP) at Mangere in Auckland,
New Zealand. This is the largest wastewater-treatment plant in
New Zealand as well as the largest producer of biosolids in
Australasia. At present, the Mangere WWTP produces 290 wet t
per day of biosolids by anaerobic digestion and centrifugal

dewatering of the sludge from primary and secondary treatment
processes. The biosolids are stabilized using 20% to 28% quicklime
(CaO), on the basis of dry weight prior to placement in an on-site
area. The main geotechnical characteristics of these biosolids—
water content (defined as mass of liquid/mass of solids), volatile
solids, pH, specific gravity, and Atterberg limits—have been deter-
mined following the New Zealand standards for soil testing (Stan-
dards New Zealand 1986).

The additives used in this study are waste by-products obtained
from local industries in the Auckland Region. Lime kiln dust
(LKD) was obtained fromMacDonald Lime, and a mixture of lime,
cement, and weathered kiln dust from Holcim Cement; both of
these materials are by-products of lime production. Fly ash and
pond ash are products generated during the combustion of coal and
were obtained from the Huntly Power Station. Four different types
of smelter slag formed during steel production at New Zealand
Steel were sourced: electric arc furnace (EAF), iron slag (LAC),
kontinous oxygen blast maxite (KOBM), and a blend mixture,
work debris (WD), a product of steel recycling, was collected from
Pacific Steel Group. It has a large metal-scrap content and was used
after sieving through 0.5 mm mesh. In addition, sludge obtained
from a water-treatment plant (Watercare Services, Ardmore) was
also investigated because it contains aluminum, a flocculant that
could enhance the strength of biosolids.

The biosolids were collected one day prior to mixing, and the
water content was determined. Biosolids were amended by mixing
with additives that were oven-dried at 105°C for 24 h at ratios speci-
fied on the basis of the dry biosolids’ weight. The mixing of the
biosolids and additive was done by hand until visible homogeneity
was achieved. The specimens were then placed in PVC tubes with
lengths of 250 mm (during preliminary investigation) or 300 mm
(in the detailed investigation) and an internal diameter of 76 mm in
30 mm layers compacted to 1:1 t=m3, the measured in situ density
of the 20% to 28% lime-amended biosolids placed on-site at the
Watercare facility. The tubes were sealed by gluing the PVC caps
on either end and placing a silicon sealer ring around the rim of
the caps. PVC tubes containing biosolids without additive were
prepared similarly but without the end caps glued because initial
tests showed the pressure building up in sealed tubes, causing them
to burst.

A preliminary study was undertaken using specimens prepared
with the 10 additives mixed with biosolids or biosolids and lime
at ratios of 40% for additive and 0% or 10% for lime, cured for
up to 21 days. Cured tubes were opened, and two shear vane mea-
surements were recorded for both ends of the sample. A follow-up
detailed investigation was performed using four additives, fly ash,
LKD, and the two smelter slags KOBM and WD, at mixing ratios
based on the solid content of biosolids of 30%, 40%, and 50% with
0%, 10%, and 20% of lime, along with biosolids mixed only
with 0%, 10%, and 20% of lime. Following curing for periods
of 2 to 8 weeks, the tubes were sacrificed to determine the shear
strength by performing a shear vane test at one end before extrud-
ing the specimen to conduct a UU triaxial test. To allow direct
comparison with field-measured values, the shear strength of the
amended biosolids in the laboratory was measured with a handheld
Geonor shear vane 25 mm wide and 50 mm long. UU triaxial tests
were conducted on 150-mm-high and 76-mm-diameter specimens
with a constant cell pressure of 100 kPa and a strain rate of
0:5 mm=min.

The shear strength measurements using the handheld shear vane
and the UU triaxial test were compared for biosolid specimens
without lime and with 20% lime. In these tests, the UU triaxial mea-
surements were obtained at cell pressures of 0, 100, 200, and
400 kPa under a constant strain rate of 0:5 mm=min in one series
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of experiments, and different strain rates of 0.05, 0.01, 0.5, 3, and
30 mm=min at a constant cell pressure of 100 kPa in the second
series. Only mixtures with 20% lime were stored airtight and cured
for 1 week prior to testing.

The pH was measured at the end of the curing time as per the
New Zealand standards for soil testing (Standards New Zealand
1986). The degree of saturation and the distribution of air inside
biosolid samples were visualized via computerized tomography
(CT) using a SkyScan 1172 scanner operated at a source voltage
of 100 kV and a source current of 100 μA at a pixel size of
10.90 μm. The chemical content and composition of additives was
determined by X-ray fluorescence (XRF) and XRD of air-dried
samples crushed with a ring grinder. Samples for XRF analyses
were processed with a tungsten-carbide grinder to prevent contami-
nation and analyzed using a Siemens SRS 3000 sequential X-ray
spectrometer with a rhodium-anode tube. For XRD analyses, a
Philips PW 1130 high-voltage (HV) generator with a copper-anode
X-ray tube was used at 40 kV and 20 mA, with a scanning speed
of 2°=min for 0–60°2Θ.

Results and Discussion

Strength of Amended Biosolids

The primary characteristics of unamended biosolids are presented
in Table 1, which shows that the biosolids have a low strength, a
mildly high pH, and a very high water content. The results of the
preliminary study using 10% additive are presented in Table 2,
showing that the largest strength increase occurred in the specimens
containing fly ash, LKD, and KOBM along with 10% lime. These
specimens were also found to maintain a pH above 11 after 3 weeks.
In addition, WD also showed promise because it maintained a high
pH in samples with and without lime addition, and the measured
shear strength was higher than that of biosolids. The other six ad-
ditives have been eliminated from further investigation because the
mixtures resulted either in a low shear strength or low pH or both.

The results of UU triaxial shear strength in tests for specimens
using the four additives selected from the preliminary investigation
(fly ash, LKD, KOBM, and WD) are presented in Table 3 for 2 and
8 weeks of curing. Specimens with 2 weeks’ curing are indicative
of the relatively rapid initial gain in strength, whereas the speci-
mens left for 8 weeks are thought to have reached a plateau with
respect to strength gain. In the absence of lime, the UU triaxial
shear strength of biosolids is about 3 kPa. Thus, additives are
needed that initiate the formation of either ettringite (3CaO-
Al2O3-3CaSO4-32H2O) or calcium carbonate (CaCO3) because
these minerals are active in increasing strength (Lim et al. 2002).

The formation of CaCO3 results from the reaction of CaO or
CaðOHÞ2 with CO2. Because the PVC-tube specimens were under
undrained conditions, trapped CO2 from the air in the material
could react with lime-forming CaCO3. Additives containing silicon
and aluminum resulted in the formation of ettringite. Thus, the
larger the amount of available quicklime or aluminum and silicon,
the more ettringite or CaCO3 is likely to be formed, leading to a
higher observed shear strength in this study. This has been reported
in several studies in which additives such as fly ash, lime, or
slags were used to enhance the shear strength (Kim et al. 2005;
Lim et al. 2002).

The best performing additive with the highest strength results
was fly ash when mixed with 20% lime. However, in the absence
of lime addition, fly ash mixtures performed very poorly, with
strength results as low as that of the biosolids. The increase in
strength in fly ash specimens is very substantial with the addition
of lime to the amended biosolids (Table 3). XRF analysis of fly ash
showed that it contains approximately 15% aluminum, 38% silicon,
and 19% calcium by weight; and an XRD analysis showed that the
calcium-containing compound present is gismondine (CaAl2Si2O8)
and that CaO and CaðOHÞ2 are not present. The addition of CaO to
biosolids and fly ash is therefore needed to activate the pozzolanic
reactions to create calcium silicate and calcium aluminate hydrates,
which result in the observed increase in strength (Lee et al. 2002;
Lim et al. 2002). The mineral ettringite is a form of calcium alu-
minate hydrate and XRD analyses show its presence in specimens
with fly ash and 20% lime but not with 10% lime [Fig. 1(a)]. This
observation is similar to that of Lim et al. (2002), who reported the
formation of ettringite when hydrated lime is added in excess of
15% on a dry weight basis. CaCO3 formation could be found in
both fly-ash mixtures, but no ettringite in the one with lower lime
content, indicating that ettringite formation has a larger influence
on the strength increase than that of CaCO3, as observed by
Lim et al. (2002).

Another additive considered is LKD, which showed good re-
sults when used without additional lime. XRF and XRD measure-
ments of LKD showed that it contains more than 60% calcium
by weight, where CaO, CaðOHÞ2, CaðCO3Þ, and CaSO4 are the
calcium-containing compounds. When mixed with biosolids, CaO
is free to react with water to form CaðOHÞ2 and over time with
trapped CO2 to form CaCO3. As ettringite formation had occurred
after 2 weeks, the small increases in strength over the time interval
between 2 and 8 weeks are because of the formation of CaCO3 only
[Fig. 1(b)]. The presence of CaO and CaðOHÞ2 makes LKD a good
additive for strength increase without extra lime addition. However,
as some of the calcium elements are in the form of CaðCO3Þ and
CaSO4, higher LKD additions than that of lime are needed to obtain

Table 1. Characteristics of Mangere WWTP Biosolids

Parameter
Water content

(%)
Volatile solids

(%)
pH
(-)

Specific gravity
(-)

Atterberg limitsa

(%)
Void ratio

(-)
Shear strength

(kPa)

Biosolids 330–380 65–70 8.3 1.62 LL: 666 PL: 105 6 3
aLL = liquid limit; PL = plastic limit.

Table 2. Shear Strength and pH Observed after 3 Weeks in Mixtures of the Biosolids and the 10 Additives

Biosolids Blend mixture EAF Fly ash KOBM LAC Lime mix LKD Pond ash Water sludge WD

Shear-vane

strength (kPa)

0% lime 5.1 5.5 5.6 8.4 8.9 4.6 6.1 11.7 6.4 5.4 8.7

10% lime 8.3 6.9 6.9 12 10.4 6.9 8.9 14.5 8.9 8.6 8.7

pH (-) 0% lime 8.1 8.9 8.3 9.1 10 8.3 8.4 11.7 8.4 8.1 10.4

10% lime 11 11 10.7 11.1 12.1 10.5 11.2 12.4 10.5 10.1 11.2
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the same strength results. Thus, a minimum of 30% of LKD is
needed when used without lime (Table 3) because all the strength
results lay closely adjacent to or above the values of biosolids with
20% lime after 8 weeks’ curing.

KOBMwas another chosen additive. Mixtures with this additive
showed lower strength increase compared to LKD. Although XRF
analysis of KOBM showed a calcium content of about 50% by
weight, no significant increase in strength could be observed when
mixed without lime. An XRD analysis showed further that calcium
compounds present in the material are in the form of CaðOHÞ2,
merwinite [Ca3MgðSiO4Þ2], and larnite [Ca2ðSiO4Þ]. No CaO is
present, which explains the low strength in mixtures without lime.
With the addition of lime, the increase in strength between 2 and
8 weeks was up to 35% and 50% for a lime addition of 10% and
20%, respectively, because of formation of CaCO3. XRD analyses
of mixtures verified the existence of only CaCO3 and no remaining
CaðOHÞ2 after 8 weeks of curing [Fig. 1(c)].

Finally, WD is considered, which showed slight increases in
strength. Unlike KOBM, a smaller increase in strength over time
occurred. XRF analyses showed that both KOBM and WD have
a high amount of calcium (50%). However, when analyzing WD
using XRD analysis, it was found that the calcium elements
are bound in compounds such as olivine [Ca2ðSiO4Þ], melilite
[Ca2ðMg0:5Al0:5ÞðSi1:5Al0:5O7Þ], merwinite [Ca3MgðSiO4Þ2],
and gehlenite [Ca2AlðAlSiO7Þ]. These are the components identi-
fied from the XRD analyses and slight variations are possible be-
cause of interpretation uncertainties. The XRD analyses [Fig. 1(d)]
showed that CaCO3 is already present in the WD mixtures after
2 weeks’ curing, and therefore little further increase in strength be-
cause of the formation of CaCO2 was found to occur.

The pH value is another important criterion for the performance
of amended biosolids. It does not have a direct effect on the
strength, but a decrease in pH can lead to the biodegradation of
organic matter, and thus not only to an increase in odor and re-
growth in pathogens (Switzenbaum and Moss 1997), but also to
a decrease in strength. The lowering of pH to below 11 causes bio-
degradation to commence along with the formation of gas. This gas
accumulates in the material because of its low permeability, leading
to a decrease in the density of biosolids. Because the organic con-
tent of biosolids is very high, the prevention of biodegradation is
important and, therefore, maintaining a pH above 11 is necessary
(Wang et al. 2007). Table 4 presents the pHmeasurements observed
in this study.

Considering fly ash mixtures with 10% and 20% lime, the pH
was found to be above 11 after 8 weeks. For mixtures without lime,
the pH was approximately 9 for all curing times and biodegradation
was found to take place, leading to the production of gas. This
could be observed because the caps of the PVC tubes bulged on
both sides but did not rupture. Therefore, care must be taken
when mixing fly ash without the addition of lime because gas is
produced and strong odors are released. These were the most
odorous specimens, and thus fly ash mixtures without lime are
not recommended. Nearly all mixtures with LKD maintained a
pH greater than 11. Only the mixture with 30% LKD dropped ini-
tially from a pH of 12.1 to 10.8 after 8 weeks. Nevertheless, for the
case of no additional lime, this mixture performs better in terms of
pH than all the other specimens containing no additional lime. The
mixture with 10% and 20% lime produced a pH above 12 even after
8 weeks. LKD is the only additive that, without lime addition, ap-
pears to give the strength and pH characteristics that are provided
by biosolids mixed with 20% lime. It is recommended to use mix-
tures with a minimum of 30% LKD to ensure a high pH as well as a
higher strength than that with 20% lime only. Considering KOBM,
only mixtures with additional 10% and 20% lime maintained a pHT
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above 11 after 8 weeks. Without the lime addition, the pH dropped
below 9 for mixtures with 30% and 40% additive. WD showed only
slightly better results compared to KOBM for the shear strength.
However, better results for pH were found for mixtures without
the addition of lime. The pH for those mixtures stayed nearly con-
stant over 8 weeks at about 10.4. For mixtures with 10% and 20%
lime, a pH above 11 after 8 weeks was measured, the same as
for KOBM.

Shear Vane and UU Triaxial Strengths

Although biosolids have the same constituent parts as soils (solid,
liquid, and gas), they have a number of features significantly differ-
ent from those of fine-grained soils. Their geotechnical properties
are outside the normal range for soils, as seen in Table 1. When
viewed in a traditional geotechnical engineering framework, bio-
solids will not behave as a ϕ ¼ 0 material because the material
is not fully saturated. On the basis of the specific gravity of the
biosolids (Table 1), the degree of saturation of pure biosolids was
calculated to be approximately 90%. In the case of biosolids
amended with 20% lime, the degree of saturation increases to ap-
proximately 94% for a specific gravity of quicklime of 3.3. The
presence of voids was verified using CT scanning of biosolid spec-
imens. Fig. 2 shows a three-dimensional (3D) image of the gas
phase (gray colors with a Hounsfield unit = �1000) in the pure
biosolids that have a density of 1:1 t=m3 (white color is therefore
not visible), showing the presence of gas in some of the voids. The
liquid phase cannot be visualized using CT-scanning methods, as
the density of both leachate and solids are very similar.

For the assessment of shear strength, two commonly used geo-
technical testing methods have been utilized. First, UU triaxial tests
were carried out, and second, handheld shear vane tests were per-
formed, as this is a commonly used method for obtaining rapid in
situ strength measurements and used as a control in field placement.
Although the shear-vane test is not an entirely rigorous method be-
cause the material is partially saturated, it is a quick and useful way
of assessing variations in strength in both time and space. Owners

of biosolid monofills routinely use the shear vane to assess the
shear strength of the material. Comparisons between UU triaxial
tests and laboratory shear-vane tests are sparse in the literature.
However, two studies were found that described the difference be-
tween these two strength measurements for both biosolids and bio-
solids mixed with lime (O’Kelly 2005; Voss 1996). In these studies,
the laboratory shear-vane readings were both slightly and moder-
ately higher than those of the triaxial tests. Nevertheless, no direct
comparison between handheld shear-vane and UU triaxial tests
could be found for biosolids.

In the context of geotechnical engineering, a significant feature
of the strength properties of biosolids is the presence of a viscous
element that imparts a strain-rate dependency to the strength that is
not seen in fine-grained soils. This has been shown by Baudez
(2008), who discussed the properties, including thixotropy, of pas-
try sludge. Accordingly, shear-strength measurements of biosolids
using different geotechnical testing methods that employ different
rates of strain may yield divergent results. The strain-rate effect has
been investigated to demonstrate the range of strength results that
may be found when using either a triaxial test or a handheld shear
vane to assess the shear strength. Figs. 3(a) and 3(b) show the
strain-rate dependency of the strength of UU triaxial specimens
(75 mm diameter and 150 mm length) of biosolids with no lime
and of specimens of biosolids amended with 20% lime using five
different strain rates with a cell pressure of 100 kPa. Additionally, a
series of triaxial tests were performed with four different cell pres-
sures by using a constant rate of displacement of the load shaft of
0:5 mm=min [Figs. 3(c) and 3(d)].

Considering Figs. 3(a) and 3(b), it is evident that the rate of
application of the deviator stress has a significant effect on the
strength of the specimen. This is true in approximately equal mea-
sure for the case of pure biosolids and biosolids with 20% lime. The
rate of displacement of the load shaft in these tests varied between
0:05 mm=min and 30 mm=min and produced strengths that varied
between 4.3 kPa and 10.5 kPa and 9.5 kPa and 16.1 kPa for the
pure biosolids and biosolids amended with 20% lime, respectively.

Fig. 1. XRD results of mixtures with (a) 30% fly ash and 10% lime, and 50% fly ash and 20% lime after 2 weeks’ curing, and (b) 30% WD and
10% lime after 2 and 8 weeks, (c) 30% KOBM and 20% lime, and (d) 50% LKD and 20% lime
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A range of strengths of this order is well beyond that commonly
encountered for fine-grained soils in geotechnical engineering.
These are difficult tests to perform because the material is
extremely weak and deformable. The contribution to the strength
of the rubber membrane is of considerable significance in the
case of such weak material. The extension modulus of the mem-
brane, M, was measured using the method given in Head (1980)
and found to beM ¼ 0:2 kPa. In nearly every case, the failure con-
dition was taken to be the shear stress at an axial strain of 20%
because the deviator stress was monotonically increasing at this
strain. The application of this criterion in conjunction with the
membrane stiffness resulted in a reduction in strength of approx-
imately 35% for the weakest specimens.

Figs. 3(c) and 3(d) show the variation in shear strength for tri-
axial specimens with a range of cell pressures employed. A series
of UU triaxial tests on saturated fine-grained soil with the same
consolidation history will result in the strength being independent
of the cell pressure. In the case of biosolids, a variation in strength
with cell pressure is to be expected because the material is unsatu-
rated. The effect of increasing the cell pressure is to increase the
strength even though there is no consolidation (no gas or liquid
allowed to escape from the specimen) because the test is undrained
during both the application of the cell pressure and the shearing
phase. The gas in the pore spaces will be compressed during shear-
ing, possibly resulting in the development of increased interparticle
friction and increased viscosity from the interaction between the
pore fluid and the solids. In the case of the higher cell pressures,
the gas may pass into solution, leading to a material with a higher
degree of saturation. The effect of cell pressure is most enhanced in
the case of pure biosolids because the degree of saturation is lower
and more air voids are present in the specimens. Although there is
an increase in strength with increasing cell pressure when the data
are plotted by way of Mohr circles, the failure envelope is almost
horizontal because the deviator stress is so low in comparison to the
cell pressure.

In the case of the lime-amended biosolids, the material will have
formed calcium-carbonate molecules as a result of the chemical
reaction between the lime and the biosolids. The specimens were
allowed to mature for 7 days to allow the chemical reaction to
take place. The solid particles of calcium carbonate will lead to
increased interparticle friction and an increase in strength that is
dependent on the normal stress on the plane of failure. Higher cell
pressures will produce higher normal stresses on the failure plane.T
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Fig. 2. Gas bubbles (gray) shown in a 3D image of unstabilized
biosolids
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The handheld shear vane tests were carried out on specimens in
the 76-mm-diameter PVC tubes. The width of the vane was 25 mm
and the length 50 mm. When using a handheld shear vane appa-
ratus, the head should be stable and rotated at a constant rate that is
as low as possible. The New Zealand Geotechnical Society (2001)
recommends 1 revolution/min. Standards for laboratory shear
vanes recommend rotation rates between 6 and 12°/min as per
BS 1377-7:1990 (British Standards Institution 1990). Laboratory
shear vanes have a fixed frame with a head assembly that allows
such low rates of rotation. Considering most saturated cohesive
soils, the relatively low dependency of strength on rate of shear
compared with biosolids produces a small variation in strength with
strain rate. The rate of strain was closely controlled in the biosolid
shear vane tests by turning the vane head as slowly and uniformly
as could be consistently achieved. In these tests, shear failure was
initiated after about 5 s in the biosolids, with shear strengths be-
tween 6 and 10 kPa being recorded in most cases. These extremely
low strengths result in a very small rotation of the vane.

The shear strengths from UU triaxial tests shown in Figs. 3(a)
and 3(b) are plotted in Fig. 4 as a function of the time to failure. The
time to failure (largely achieved at 20% axial strain) varied between
1 min and 600 min. The significance of the rate of shearing is
clearly evident in this figure. Over 3 decades of strain rate, the shear
strength varies by a factor of approximately 2. From these results, a
logarithmic relationship between shear strength and strain rate is
proposed and is shown in Fig. 4 for triaxial tests on lime-amended
biosolids and pure biosolids. The best-fit relationships for the ma-
terials used in this study are found to be

su ¼ �0:56 lnðtf Þ þ 8:19 amended biosolids ð1Þ

su ¼ �0:43 lnðtf Þ þ 5:30 biosolids ð2Þ

in which tf = time to failure in minutes, or using as a reference
strength that for a time to failure of 1 min

Fig. 3. Influence of different strain rates on (a) biosolids, (b) biosolids with 20% lime, (c) cell pressures on biosolids, and (d) biosolids with 20% lime

Fig. 4. Logarithmic relationship between strain rates and shear strength
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suðtf Þ ¼ suð1Þ � 0:56 lnðtf Þ amended biosolids ð3Þ

suðtf Þ ¼ suð1Þ � 0:43 lnðtf Þ biosolids ð4Þ

Applying Eqs. (3) and (4) to the handheld vane method, in which
the time to failure was approximately 5 s, the shear strength may be
determined from the triaxial test result in which the time to failure
was 60 min. This results in the following relationships:

suvane ¼ 1:6sutriaxial amended biosolids ð5Þ

suvane ¼ 1:8sutriaxial biosolids ð6Þ

Triaxial shear-strength data (uncorrected for strain-rate effects)
from mixtures using 0%, 30%, 40%, or 50% additive with 0%,
10%, or 20% lime after 2 weeks’ curing time are shown in Fig. 5
compared with vane-determined strength. Data corrected for rate
effects using Eqs. (5) and (6) are also shown. The proposed
rate-correction factors are seen to achieve good consistency be-
tween triaxial and vane strength. Considering the possible varia-
tions in properties over time of the biosolids collected from
Mangere WWTP, the process of forming the specimens, and the
difficulties in working with such low-strength material, the consis-
tency of the data is considered to be very good.

These data imply that, ideally, strength comparisons between
biosolid specimens should be made using entirely shear-vane or
entirely triaxial results on the basis of tests at the same strain rate
and cell pressure. There is not a direct theoretically rigorous
method of determining the relationship between shear-vane and
triaxial results, particularly because the strength is strain-rate-
dependent. However, the shear-vane and triaxial results can be
used for determining suitable additives because control samples
are utilized and the strength results are compared using a single
strength-test procedure.

The shear-rate effect in triaxial tests on clays was investigated
by Bishop and Henkel (1962), who reported an increase in strength
with increasing strain rate. This was especially evident at lower
strain rates. The measured influence of the strain rate of pure bio-
solids in this study was about 10–20 times higher than that of the
clays tested by Bishop and Henkel (1962).

It is clear from the results presented in this section that the
strength of biosolids, either with or without amendment, is a
complex issue. Because it is a three-phase material that is produc-
ing gas internally as the material biodegrades, it introduces a degree
of complexity not seen in traditional geomechanics. In considering
the application of laboratory results to design analysis for the sta-
bility of biosolid facilities, the issues of strain rate and overburden
pressure create a problematic situation when deciding which the
shear-strength parameters to apply. The triaxial results presented
here show clearly that strength will be a function of the overbur-
dened pressure and the rate of shearing. An additional complication
is the effect of time on strength. The material will degrade when
the pH falls below approximately 11, with the production of gas
that may or may not break free of the material and escape to the
surface. Clearly, the gas pressure and the liquid-leachate pressure
will be different and it is unlikely that the gas pressure will be solely
a function of depth. There remains much to be understood about the
strength characteristics of this complex material. The usual criteria
of an end-of-construction case and a long-term case may not cap-
ture the critical situation in the case of biosolid facilities. Long-term
studies of field situations will probably be the best guide to assess-
ing strength parameters for use in design. Drainage of biosolid fa-
cilities is also a critical aspect of design because the provision of
channels of relatively high permeability will speed the consolida-
tion process and promote relatively uniform deformations.

Conclusions

The study considered 10 possible additives from which four were
selected for further investigation, namely, fly ash, lime kiln dust,
and two smelter slags. These additives were mixed on the basis of
the dry weight of biosolids along with lime. Following 8 weeks of
testing, the best-performing mixtures were found to be biosolids
amended with fly ash and a minimum of 10% lime. These mixtures
showed an improvement in shear strength as well as the mainte-
nance of a pH above 11 over the 8 weeks. However, in the absence
of the addition of lime, fly-ash mixtures performed poorly (low
strength and low pH) and are not considered suitable for biosolids
stabilization. The addition of fly ash and lime initiates pozzolanic
reactions that cause the strength to increase because of the forma-
tion of elements such as ettringite and calcite. The addition of lime
also has the benefit of lowering the microbial decay of biosolids by
maintaining a high pH.

Lime kiln dust mixtures showed strength increases of over 30%
and maintained a high pH over the 8-week period for additive ratios
of above 30%. Of the four additives investigated, KOBM and
work debris performed poorly in terms of strength enhancement,
but both additives maintained pH values above 11 in all mixtures
tested in which lime was added. In the absence of the addition of
lime, work debris performed better than KOBM with a consistent
pH of about 10.4 over 8 weeks.

Overall, of the four by-products tested, fly ash with added lime
or lime kiln dust gave superior strength enhancement and pH con-
trol. Work debris and KOBM with 10% lime approached the
strength and pH control of biosolids containing lime produced by
the Mangere Wastewater Treatment Plant. The observed increase in
strength over time is attributed to CaCO3 formation because of
the reaction of CaO or CaðOHÞ2 with trapped CO2. Mixtures with
no lime or a small amount of lime not only showed lower strength
but also displayed a large decrease in strength between 2 and
8 weeks.

The shear strength of biosolids with 0% and 20% lime showed
a significant strain-rate dependence that is not seen in natural

Fig. 5. Comparison between shear-vane and triaxial results of samples
using different additives and mixtures
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fine-grained soils encountered in geotechnical engineering. More
rapid shearing of biosolids yielded a higher strength than that ob-
tained at a slower rate. This is thought to be related to the viscous
character of the biosolids, which may be inherent in the character of
the liquid leachate. The difference in strength between triaxial tests
run at a compressive strain rate of 0.033%/min (load shaft displace-
ment of 0.05 mm/min) and tests performed at 20% compressive
strain per minute (load shaft displacement of 30 mm/min) was
found to be in excess of 100%. This increase in strength of
100% is far beyond that typically encountered in fine-grain satu-
rated soils with increased rates of shearing of the order of those
used here for biosolids. The addition of lime marginally reduced
the rate-dependent behavior. A logarithmic relationship between
strain rate and time was observed in UU triaxial tests, with the
strength decreasing with increasing time to failure. It was found
that application of a strain-rate correction factor to triaxial results
of 1.6 (lime-amended specimens) and 1.8 (biosolids) gave a good
representation of hand vane strengths in which the time to failure
was approximately 5 s.

In summary, this work has revealed that biosolids are a complex
three-phase (gas, liquid, and solid) material that does not conform
to the usual framework of saturated fine-grained soils as utilized in
geotechnical engineering. There are many unexplored issues sur-
rounding the design and analysis of biosolid placement that require
further experimental and theoretical work. This work has shown
there are positive indications that the addition of waste-stream ad-
ditives has a positive impact on the economics and geoenvironmen-
tal aspects of biosolids in the environment.
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