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a  b  s  t  r  a  c  t

The  binary  furnace  slag-metakaolin  DuraLith  geopolymer  waste  form,  which  has  been  considered  as  one
of the  candidate  waste  forms  for immobilization  of certain  Hanford  secondary  wastes  (HSW)  from  the
vitrification  of  nuclear  wastes  at the  Hanford  Site,  Washington,  was  extended  to a ternary  fly  ash-furnace
slag-metakaolin  system  to improve  workability,  reduce  hydration  heat,  and  evaluate  high  HSW  waste
loading.  A  concentrated  HSW  simulant,  consisting  of more  than  20 chemicals  with  a  sodium  concentration
of  5 mol/L,  was  employed  to prepare  the  alkaline  activating  solution.  Fly  ash  was  incorporated  at  up  to
60 wt%  into  the  binder  materials,  whereas  metakaolin  was kept  constant  at 26  wt%.  The  fresh  waste  form
pastes  were  subjected  to isothermal  calorimetry  and  setting  time  measurement,  and  the  cured  samples
were  further  characterized  by  compressive  strength  and  TCLP  leach  tests.  This  study  has  firstly  established
etting time
anford secondary waste

quantitative  linear  relationships  between  both  initial  and  final  setting  times  and  hydration  heat,  which
were  never  discovered  in  scientific  literature  for any  cementitious  waste  form  or  geopolymeric  material.
The  successful  establishment  of  the  correlations  between  setting  times  and  hydration  heat  may  make
it  possible  to  efficiently  design  and  optimize  cementitious  waste  forms  and  industrial  wastes  based
geopolymers  using  limited  testing  results.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The most hazardous radioactive wastes, generated in large
uantities during 1943–1989 from extracting plutonium from
issolved spent nuclear fuel in support of the US defense program,
re currently stored in 177 underground tanks at the Hanford Site
n Washington State [1,2]. For long-term safe stabilization and
isposal of these wastes, the US Department of Energy (DOE) is

onstructing the Hanford Tank Waste Treatment and Immobiliza-
ion Plant (WTP), which will convert these wastes into stable glass
ia vitrification. Processing of the tank wastes in the WTP  will

∗ Corresponding author. Tel.: +1 202 319 5393; fax: +1 202 319 4469.
E-mail address: gongw@vsl.cua.edu (W.  Gong).

ttp://dx.doi.org/10.1016/j.jhazmat.2014.05.070
304-3894/© 2014 Elsevier B.V. All rights reserved.
generate solid and liquid secondary wastes. The liquid Hanford
secondary waste (HSW), which may  include process condensate
and liquid effluents from off-gas treatment systems, will be sent
to the Effluent Treatment Facility (ETF), a Resource Conservation
and Recovery Act (RCRA)-permitted multi-waste treatment and
storage unit for low-level and mixed-waste water. Since treatment
of the HSW stream from the WTP  is expected to involve solidifica-
tion, a testing program was initiated to support the evaluation and
selection of suitable waste forms [3,4]. The candidate waste forms
included Cast Stone (a cementitious composite) [5], DuraLith (a
geopolymer) [6], a fluidized-bed steam reformer (FBSR) granular

product encapsulated in a geopolymer matrix [7], and Ceramicrete
(a phosphate bonded ceramic) [8]. Further testing was performed
on Cast Stone, DuraLith, and Ceramicrete to assess the viability
of each candidate [9]. The test results showed that DuraLith

dx.doi.org/10.1016/j.jhazmat.2014.05.070
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2014.05.070&domain=pdf
mailto:gongw@vsl.cua.edu
dx.doi.org/10.1016/j.jhazmat.2014.05.070
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Table 2
Composition of baseline Hanford secondary waste stream simulant HSW S1-1X
containing 1 mol/L of sodium.

Constituent Concentration (mol/L)

Na 1
Al(OH)3 9.39E−02
Si 1.88E−03
K 5.82E−04
OH− 3.98E−01
NO3

− 3.28E−01
CO3

2− 2.28E−02
Cl− 2.25E−02
NO2

− 1.20E−02
PO4

3− 6.87E−03
SO4

2− 4.41E−03
F− 5.57E−04
Cr 2.03E−04
Ag 6.27E−06
As 3.48E−05
Cd 1.57E−06
Pb 8.99E−06
Tc 1.81E−05
I  4.62E−06
H. Xu et al. / Journal of Haza

eopolymer waste form continued to be promising. However,
urther study is needed to assess the potential for improvements
n performance of the waste form.

Geopolymers, first proposed by Davidovits in the late 1970s,
re a class of alkaline-activated aluminosilicate binder materi-
ls featuring a predominantly X-ray amorphous nature [10–12].
he fundamental structure of geopolymers is an aluminosilicate
el network consisting of tetrahedral coordination of Si and Al
toms linked by oxygen bridges, with alkali metal cations (typically
a+ and/or K+) associated as charge balancers for AlO4

− [13,14].
eopolymeric materials have been investigated as waste forms for
olidification/stabilization of chemically hazardous and/or radioac-
ive wastes as well as durable green construction materials [15–18].
pecifically, the resistance of geopolymers to attack of chemicals
uch as sulfuric, nitric, hydrochloric and organic acids, is far bet-
er than that of ordinary Portland cement (OPC) [19,20], making
eopolymer waste forms a promising alternative for immobiliza-
ion of various hazardous wastes.

Based on geopolymer chemistry, DuraLith waste forms can be
djusted and optimized for specific requirements of radioactive
aste stabilization, specific ingredients employed, and specific

dditives used to enhance the immobilization of hazardous ele-
ents and radionuclides such as 99Tc and 129I [6,21]. The binary

urnace slag-metakaolin DuraLith waste form investigated for HSW
as demonstrated superior mechanical strength and comparable
hemical durability to those of the other waste form candidates
9]. However, the initial binary DuraLith formulations showed rel-
tively rapid setting behavior [6] and larger margins to allow for
rocess upsets would be desirable. Besides, although geopolymer
aste forms have been attracting increasing interests for immobi-

ization of radioactive and chemically hazardous wastes [22–24],
heir hydration heat evolutions for high loading of complex waste
ike HSW remained uninvestigated. Moreover, to the authors’ best
nowledge, no quantitative relationship has ever been established
etween setting times and hydration heat for any cementitious
aste form or geopolymeric material.

Thus, this study aimed at improving the setting behavior of
he DuraLith geopolymer waste form without significantly degrad-
ng the chemical durability. For this purpose, a Class F fly ash
as introduced into the binary furnace slag-metakaolin DuraLith
ystem at up to 60 wt% of the composite binder material. Early
tage hydration heat releases from the ternary DuraLith waste form
astes were investigated by isothermal calorimetry. An attempt

able 1
hemical compositions of composite binder materials and reactive filler (wt%).

Oxide Furnace slag Metakaolin Fly ash Silica fume

Al2O3 9.97 42.42 28.91 0.34
BaO  0.11 0.01 0.20 0.00
CaO 40.72 0.03 1.66 0.86
Cr2O3 0.00 0.03 0.03 0.00
CuO 0.00 0.01 0.03 0.01
Fe2O3 0.48 0.52 6.81 0.73
K2O 0.44 0.17 2.73 0.73
MgO  8.22 0.00 0.94 0.45
MnO  0.40 0.00 0.027 0.09
Na2O 0.20 0.23 0.51 0.00
P2O5 0.21 0.26 0.52 0.13
PbO 0.00 0.00 0.01 0.00
SO3 1.12 0.08 0.51 0.24
SiO2 37.10 53.29 53.27 94.87
SrO  0.05 0.00 0.13 0.00
TiO2 0.49 2.05 1.47 0.00
V2O5 0.03 0.03 0.00 0.00
ZnO 0.00 0.00 0.02 0.04
ZrO2 0.02 0.00 0.06 0.00
LOIa 0.43 0.82 2.08 1.39

a Loss on ignition.
TOCa 9.39E−02

a Total organic carbon.

was made to quantitatively relate both initial and final setting
times to the calorimetric data. Chemical durability and mechanical
strength were determined on cured ternary DuraLith waste form
samples by the Toxicity Characteristic Leaching Procedure (TCLP)
[25] and compressive strength tests, respectively.

2. Materials and methods

2.1. Raw materials

The three composite binder materials used in this study are
Class F fly ash (FFA) from SEFA Group, ground blast furnace slag
(BFS) from Lafarge North America, and metakaolin (MK) from Thiele
Kaolin Company. Silica fume from Norchem Incorporation and dry
sand were employed as reactive filler and fine aggregate, respec-
tively. The chemical compositions of the raw materials, except for
sand, were analyzed by X-ray fluorescence (XRF), and the results
are shown in Table 1.

2.2. HSW simulants and activating solution

The composition of the HSW simulant S1 is shown in Table 2.
This simulant S1 is representative of the composition of a projected
waste stream from the off-gas treatment system in the Hanford
WTP  nuclear waste vitrification system. More specifically, it repre-
sents the immobilized low-activity waste off-gas caustic scrubber
effluent downstream of the high-efficiency particulate air (HEPA)
filters [4,6,9]. The sodium concentration in the simulant is 1 mol/L
and thus the identification for the simulant is HSW S1-1X. In this
study, the sodium concentration was  increased from the baseline
of 1 to 5 mol/L based on the assumption that the stream could be
concentrated by evaporation in order to increase the loading into
the solidified waste form. Accordingly, the concentrated simulant
containing 5 mol/L of sodium was identified as HSW S1-5X.

The concentrated simulant HSW S1-5X was employed to make
the activating solution. Solid NaOH and KOH were added slowly
into the simulant under mechanical stirring and silica fume was
then added. Stirring was continued overnight to obtain a homo-

geneous liquid. No additional water was used for preparation of
the activating solution from the concentrated HSW simulant. Since
the radionuclide 99Tc is assumed to occur in the HSW stream in
its most soluble form of pertechnetate TcO4

−, Re as NaReO4 was
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Table  3
Recipe for 20 liters of Hanford secondary waste stream simulant HSW S1-5X containing 5 mol/L of sodium.

Order of addition Analyte Target mol/L Reagent Assay Target mass (g)

1 Ag 3.10E−5 AgNO3 0.999 0.107
1  As 1.74E−4 Na2HAsO4·7H2O 1.000 1.086
1  Al 4.70E−1 Al(OH)3 0.990 957.456
1  Cd 7.85E−6 Cd(NO3)2·4H2O 0.985 0.049
1  CO3

2− 1.14E−1 Na2CO3 1.000 241.702
1  Cr 1.02E−3 Na2Cr2O7·2H2O 0.990 6.110
1  PO4

3− 3.44E−2 Na2HPO4·7H2O 0.990 185.963
1  Si 9.40E−3 Na2SiO3 0.980 23.416
1  SO4

2− 2.21E−2 Na2SO4 0.990 63.271
1  NO3

− 1.64 NaNO3 0.980 2839.233
1  NO2

− 6.00E−2 NaNO2 0.980 84.484
1  Cl 1.13E−1 NaCl 0.980 134.180
1  F 2.79E−3 NaF 0.990 2.274
1  K 2.92E−3 KNO3 0.990 5.954
1  Pb 4.50E−5 Pb(NO3)2 0.990 0.301
1  TOCa 4.16E−1 Na2C2O4 0.980 1137.524
1  TOCa 5.35E−2 C2H2O4·2H2O 0.980 137.751
2  H2O H2O 1.000 16,824.010
3  OH− 1.99 NaOH 0.987 1614.191
4  Tc 5.37E−4 HReO 0.562 3.561
Total  

a Total organic carbon.

Table 4
Recipe for 15 kg of activator solution prepared from concentrated Hanford secondary
waste simulant HSW S1-5X.

Chemical Weight (g) Order of addition

HSW S1-5X 9992.7 1
KOH 2148.2 2
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NaOH 183.9 2
Silica fume 2680.4 3

piked into the waste to simulate the 99Tc. The recipes for prepar-
ng HSW simulant S1-5X and the activator solution are presented
n Tables 3 and 4, respectively.

.3. Sample preparation

DuraLith geopolymer waste form samples were prepared with
, 15, 30, 45 and 60 wt% of FFA in the composite binder material as

 substitute for BFS. The MK  content was kept constant at 26 wt%.
he enhancers, i.e., Ag-zeolite, Na2S, and copper slag used in the
inary DuraLith waste forms [6], were not included for simplicity.
he water/binder ratio was fixed at 0.371 and the concentration of
K + Na) was 8.75 mol/L. The solids were weighed and transferred
nto a 5-galon bucket and mixed with a hand-held mixer (UNITEC

ixer EHR 23/1.3R) for about 2 min. Then, the activator solution
as poured into the solids and the mixing was continued for a few
inutes to obtain a pourable geopolymer paste. The fresh paste
as immediately transferred into 2 inch × 4 inch cylindrical plas-

ic molds, followed by vibration on a vibrating table to remove

ir bubbles. Finally, the prepared samples were sealed with lids
nd cured at room temperature. The mix  designs for the ternary
uraLith geopolymer waste forms are presented in Table 5.

able 5
ix  designs for ternary fly ash-furnace slag-metakaolin DuraLith geopolymer waste form

Sample ID Mass (g)

Fly ash Furnace slag Metakaolin

6XA 0.0 1473.3 511.6 

6XB  294.7 1178.7 511.6 

6XC  589.3 884.0 511.6 

6XD  884.0 589.3 511.6 

6XE  1178.7 294.7 511.6 
4

24,265.381

2.4. Methods of analyses

Initial and final setting times were measured on two Vicatronic
E044N automatic Vicat needle penetration instruments (Matest,
Italy). Early stage hydration heat evolutions of fresh DuraLith
geopolymer waste form pastes were recorded on an eight-channel
TAM Air isothermal calorimeter (TA Instruments, USA) at 25 ◦C, and
compressive strength of cured DuraLith geopolymer waste form
samples was measured on a CM-4000-SD instrument (Test Mark
Industries, USA) following the ASTM C39 standard [25]. The chemi-
cal durability of the ternary DuraLith geopolymer waste forms was
determined using the TCLP leach test [26].

3. Results and discussion

3.1. Setting times

The initial and final setting times of the DuraLith geopolymer
waste form samples were measured following the method for auto-
matic Vicat needles described in the ASTM C191 standard [27].
However, the time interval between two penetrations was mod-
ified to 36 min  to accommodate the longer setting times of ternary
DuraLith geopolymer waste forms. It should be noted that the read-
ing of the Vicatronic apparatus is the balance of 40 minus the
penetration height in mm.  The initial setting times were calculated
to the nearest 1 min  as follows

H − E × (15 − D) + E (1)
where H = time in minutes of the first reading greater than 15 mm,
E = time in minutes of the last reading smaller than 15 mm,
C = reading at time H, and D = reading at time E. The determined

s.

 Sand Silica fume Activator solution

938.3 49.4 2000.7
938.3 49.4 2000.7
938.3 49.4 2000.7
938.3 49.4 2000.7
938.3 49.4 2000.7
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Table  6
Initial and final setting times of ternary fly ash-furnace slag-metakaolin DuraLith
geopolymer waste forms.

Sample ID Initial setting (min) Final setting (min)

6XA 378 468
6XB 462 576
6XC 554 684
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6XD 631 828
6XE 921 1116

nitial and final setting times are presented in Table 6. It is evi-
ent that both the initial and final setting times increased with the

ncrease of FFA content in the waste form. The initial setting times
re in the range of 378–921 min, far longer than the typical 150 min
bserved for the binary DuraLith waste forms [6] as intended.

It is known that geopolymerization of low-calcium Class F fly ash
ay  be very slow at ambient temperatures [28–30], and that the

elatively low reactivity of the fly ash usually leads to slow setting
f the fresh paste and poor compressive strength of the hard-
ned material [31–33]. Therefore, the incorporation of FFA into the
inder materials is believed to be responsible for the increase of the
etting times. Besides, elevated curing temperatures of 40–85 ◦C
ay  accelerate the geopolymerization of fly ash [34–36]. Thus the

educed hydration heat, as observed from calorimetry measure-
ents in Section 3.2, may  also contribute to the extended setting

imes.

.2. Isothermal calorimetry

The normalized heat flows and normalized heats of DuraLith
eopolymer waste form samples, as measured by isothermal
alorimetry at 25 ◦C, are shown in Figs. 1 and 2. Since an equilibra-
ion time is needed after placing the samples into the calorimeter,
ny minor dissolution peaks, which typically occur immediately
fter the addition of activating solution to the binder materials
37], were not captured. The reaction time in Figs. 1 and 2 has been
djusted for each sample starting from the beginning of the wet
ixing. As shown in Fig. 1, all the heat flow peaks center at around

48 min, which may  be determined by the highly reactive MK  and
FS in the composite binder materials. The height and sharpness

f the peaks, however, is affected by the FFA content. Fig. 2 shows
hat the total hydration heat release decreased with the increase of
he FFA content.

Fig. 1. Normalized heat flows of DuraLith geopolymer waste forms.
Fig. 2. Normalized heats of DuraLith geopolymer waste forms.

3.3. Correlating setting times to hydration heat

It is reasonable to expect that the setting behaviors of cemen-
titious waste forms have a direct relationship to the kinetics of
their hydration reactions. De Schutter and Taerwe [37] employed
the degree of reaction as a means of determining the hydration
degree for Portland and blast furnace slag cements. They defined
the degree of reaction at time t as the fraction of the total heat of
hydration that has been released up to that time, as shown in Eq.
(2)

R(t) = Q (t)
Qmax

= 1
Qmax

∫ t

0

q(t)dt (2)

where R(t) is the reaction degree at time t; Q(t), the accumulated
heat released at time t; Qmax, the total heat released; and q(t), the
measured heat flow as a function of time.

Similar to the case of cementation, geopolymerization is known
to be an exothermic process [6,10]. Therefore, we  introduced Eq.
(2) to the calorimetric data obtained for the ternary DuraLith waste
forms. This may  allow us to calculate the reaction degrees at the
initial and final setting time points for each sample. However, it
should be noted that the reaction in geopolymerization process is
different from that of cement, although both are exothermic. An
attempt was further made to correlate the reaction degrees calcu-
lated from hydration heat to the initial and final setting times. As
a result, near-perfect linear relationships between hydration heat
and both initial and final setting times were obtained, as presented
in Fig. 3. As the fly ash content increased, a progressively larger frac-
tion of the total heat had been released before either initial setting
or final setting occurred.

3.4. Compressive strength

Compressive strength tests were conducted on DuraLith
geopolymer waste form samples after curing ages of 7, 14, and 28
days. As shown in Fig. 4, the replacement of BFS by FFA in DuraLith
geopolymer waste forms led to lower compressive strength and
the strength decreased with increasing FFA content. After curing
for 28 days, sample 6XE with 60 wt% of FFA in the composite

binder materials developed a compressive strength of 57.5 MPa,
which is 47.3% less than the 121.7 MPa  of the control sample 6XA,
i.e., the sample without FFA. However, all of the ternary DuraLith
waste form samples easily meet the 3.54 MPa  (500 psi) acceptance
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Fig. 3. Correlating initial and final setting times to hydration heats for DuraLith geopolymer waste form samples.

Table 7
TCLP leach test results for ternary fly ash-furnace slag-metakaolin DuraLith geopolymer waste forms.

Sample ID Concentration in TCLP extract (mg/L)

Ag As Ba Cd Cr Ni Pb Re Se Zn Zr

Blank <0.07 <0.20 0.00 <0.03 <0.01 <0.04 <0.10 <0.25 <0.90 0.10 <0.02
6XA  <0.07 <0.20 1.01 <0.03 0.15 0.05 0.72 0.65 <0.90 0.15 <0.02
6XB  <0.07 <0.20 0.92 <0.03 0.13 0.05 0.64 0.78 <0.90 0.16 <0.02
6XC  <0.07 <0.20 1.00 <0.03 0.11 0.04 0.53 0.93 <0.90 0.17 <0.02
6XD  <0.07 <0.20 1.22 <0.03 0.08 <0.04 0.34 1.11 <0.90 0.23 <0.02
6XE  <0.07 <0.20 0.92 <0.03 0.09 <0.04 0.26 1.23 <0.90 0.24 <0.02

5.

c
t
c
t
[

F

EPA  regulatory limit 5.00 5.00 100.00 1.00 

a N/A, not available.

riteria for the HSW waste form [3,38]. The optimized mix  designs,

he presence of reactive silica fume filler, and the coexistence of
alcium-silicate-hydrate (C-S-H) and geopolymer gels are believed
o be responsible for the high compressive strength developed
6,39,40]. Since the compressive strengths of the binary DuraLith

ig. 4. Compressive strength development of DuraLith geopolymer waste forms.
00 N/Aa 5.00 N/Aa 1.00 N/Aa N/Aa

geopolymer waste forms so far exceed the requirement for immo-
bilized HSW [4,6], some sacrifice in compressive strength was
acceptable to improve other properties, such as extending the
setting times, which was accomplished in this study.

3.5. TCLP leach test

The TCLP leach test was  conducted on samples cured for 180
days. As shown in Table 7, all of the regulated metals in the TCLP
extract meet the EPA limits. However, the average concentration of
Re is about three times higher than that found for the binary furnace
slag-metakaolin DuraLith geopolymer waste form [6], most likely
due to the absence of the enhancers for fixation of Re in the samples
investigated in this study.

4. Conclusions

The incorporation of Class F fly ash (FFA) into the raw binder
materials has greatly extended the setting times and reduced the
hydration heat release for DuraLith geopolymer waste forms. With
the increase of the FFA content, both the initial and final setting
times increased whereas the total hydration heat release decreased.
The compressive strengths of the ternary fly ash-furnace slag-
metakaolin DuraLith geopolymer waste forms still far exceed the

requirement for immobilized Hanford secondary wastes (HSW).
Based on the results of the TCLP leach test, chemical durabilities
of the ternary DuraLith geopolymer waste forms are in general
comparable to those of the binary DuraLith system.



rdous 

t
h
n
w
o
m
w
b

A

t
A
c
s

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

H. Xu et al. / Journal of Haza

This paper has firstly established near-perfect quantitative rela-
ionships between both initial and final setting times and hydration
eat release for cementitious geopolymer waste forms, which were
ever discovered in the scientific literature for any cementitious
aste form or geopolymeric material. The successful establishment

f the correlations between setting times and hydration heat may
ake it possible to efficiently design and optimize cementitious
aste forms as well as industrial wastes based geopolymers on the

asis of limited testing results.

cknowledgements

The authors are grateful for financial support of this project from
he Vitreous State Lavoratory (VSL) of the Catholic University of
merica (CUA). The three anonymous reviewers are greatly appre-
iated for their thorough review, pertinent comments and valuable
uggestions.

eferences

[1] W.  Um,  Z. Wang, R.J. Serne, B.D. Williams, C.F. Brown, C.J. Dodge, A.J. Fran-
cis, Uranium phases in contaminated sediments below Hanford’s U tank farm,
Environ. Sci. Technol. 43 (2009) 4280–4286.

[2] K.A. Rod, W.  Um,  M. Flury, Transport of strontium and cesium in simulated Han-
ford tank waste leachate through quartz sand under saturated and unsaturated
flow, Environ. Sci. Technol. 44 (2010) 8089–8094.

[3] R.L. Russell, M.J. Schweiger, J.H. Westsik Jr., P.R. Hrma, D.E. Smith, A.B. Gallegos,
M.R. Telander, S.G. Pitman, Low Temperature Waste Immobilization Testing,
PNNL-16052 Rev 1, Pacific Northwest National Laboratory, Richland, WA,  2006.

[4] E.M. Pierce, K.J. Cantrell, J.H. Westsik, K.E. Parker, W.  Um,  M.M. Valenta, R.J.
Serne, Secondary Waste form Screening Test Results: Cast Stone and Alkali
Alumino-Silicate Geopolymer, PNNL-19505, Pacific Northwest National Labo-
ratory, Richland, WA,  2010.

[5] S.K. Sundaram, K.E. Parker, M.E. Valenta, S.G. Pitman, J. Chun, C.-W. Chung, M.L.
Kimura, C.A. Burns, W.  Um,  J.H. Westsik Jr., Secondary Waste Form Develop-
ment and Optimization – Cast Stone, PNNL-20159, Pacific Northwest National
Laboratory, Richland, WA,  2011.

[6] W.  Gong, W.  Lutze, I.L. Pegg, DuraLith Alkali-Aluminosilicate Geopolymer
Waste Form Testing for Hanford Secondary Waste, PNNL-20565, Pacific North-
west National Laboratory, Richland, WA,  2011.

[7] N.P. Qafoku, M.M.  Valenta, J.H. Westsik Jr., R.P. Pires, D.M. Strachan, Secondary
Waste form Down-Selection Data Package – Fluidized Bed Steam Reforming
Waste Form, PNNL-20704, Pacific Northwest National Laboratory, Richland,
WA,  2011.

[8] K.J. Cantrell, K.H. Westsik Jr., Secondary Waste Form Down Selection Data
Package – Ceramicrete, PNNL-20681, Pacific Northwest National Laboratory,
Richland, WA,  2011.

[9] S.V. Mattigod, J.H. Westsik Jr., C.W. Chung, M.J. Lindberg, K.E. Parker, Waste
Acceptance Testing of Secondary Waste Forms: Cast Stone, Ceramicrete and
DuraLith, PNNL-20632, Pacific Northwest National Laboratory, Richland, WA,
2011.

10] J. Davidovits, Geopolymer: Chemistry & Applications, 3rd ed., Geopolymer
Institute, Saint-Quentin, France, 2008.

11] C.A. Rees, J.L. Provis, G.C. Lukey, J.S.J. van Deventer, In situ ATR-FTIR study
of  the early stages of fly ash geopolymer gel formation, Langmuir 23 (2007)
9076–9082.

12] J.L. Provis, G.C. Lukey, J.S.J. van Deventer, Do geopolymers actually contain

nanocrystalline zeolites? A reexamination of existing results, Chem. Mater. 17
(2005) 3075–3085.

13] P. Duxson, A. Fernández-Jiménez, J.L. Provis, G.C. Lukey, A. Palomo, J.S.J. van
Deventer, Geopolymer technology: the current state of the art, J. Mater. Sci. 42
(2007) 2917–2933.

[

Materials 278 (2014) 34–39 39

14] J.L. Sindhunata, G.C. Provis, H. Lukey, J. Xu, S.J. van Deventer, Structural evo-
lution of fly ash based geopolymers in alkaline environments, Ind. Eng. Chem.
Res.  47 (2008) 2991–2999.

15] J. Davidovits, Waste solidification and disposal method, U.S. Patent 4,859,367,
Issued August 22, 1989.

16] J.W. Phair, J.S.J. van Deventer, J.D. Smith, Mechanism of polysialation in the
incorporation of zirconia into fly ash-based geopolymers, Ind. Eng. Chem. Res.
39  (2000) 2925–2934.

17] J.G.S. van Jaarsveld, J.S.J. van Deventer, L. Lorenzen, Factors affecting the immo-
bilization of metals in geopolymerized flyash, Metall. Mater. Trans. B 29B (1998)
283–291.

18] Q. Li, H. Xu, F. Li, P. Li, L. Shen, J. Zhai, Synthesis of geopolymer composites from
blends of CFBC fly and bottom ashes, Fuel 97 (2012) 366–372.

19] H. Rostami, W.  Brendley, Alkali ash material: a novel fly ash-based cement,
Environ. Sci. Technol. 37 (2003) 3454–3457.

20] V. Sata, A. Sathonsaowaphak, P. Chindaprasirt, Resistance of lignite bottom ash
geopolymer mortar to sulfate and sulfuric acid attack, Cem. Concr. Compos. 34
(2012) 700–708.

21] W.  Gong, W.  Lutze, I.L. Pegg, Low-temperature solidification of radioactive and
hazardous wastes, U.S. Patent 7,855,313 B2, Issued December 21, 2010.

22] C. Shi, A. Fernández-Jiménez, Stabilization/solidification of hazardous and
radioactive wastes with alkali-activated cements, J. Hazard. Mater. 137 (2006)
1656–1663.

23] M.G. Blackford, J.V. Hanna, K.J. Pike, E.R. Vance, D.S. Perera, Transmission elec-
tron microscopy and nuclear magnetic resonance studies of geopolymers for
radioactive waste immobilization, J. Am.  Ceram. Soc. 90 (2007) 1193–1199.

24] Y.L. Galiano, C.F. Pereira, J. Vale, Stabilization/solidification of a municipal solid
waste incineration residue using fly ash-based geopolymers, J. Hazard. Mater.
185 (2011) 373–381.

25] Standard Test Methods for Compressive Strength of Cylindrical Concrete Spec-
imens, ASTM C39, ASTM International, West Conshohocken, PA, 2004.

26] Toxicity Characteristic Leaching Procedure, EPA Method 1311, Revision 0, U.S.
Environmental Protection Agency, Washington, DC, 1992.

27] Standard Test Methods for Time of Setting of Hydraulic Cement by Vicat Needle,
ASTM C191, ASTM International, West Conshohocken, PA, 2013.

28] C. Chen, W.  Gong, W.  Lutze, I.L. Pegg, J. Zhai, Kinetics of fly ash leaching in
strongly alkaline solutions, J. Mater. Sci. 46 (2011) 590–597.

29] C. Chen, W.  Gong, W.  Lutze, I.L. Pegg, Kinetics of fly ash geopolymerization, J.
Mater. Sci. 46 (2011) 3073–3083.

30] K. Somna, C. Jaturapitakkul, P. Kajitvichyanukul, P. Chindaprasirt, NaOH-
activated ground fly ash geopolymer cured at ambient temperature, Fuel 90
(2011) 2118–2124.

31] F. Puertas, S. Martıı́nez-Ramıı́rez, S. Alonso, T. Vázquez, Alkali-activated fly
ash/slag cements: strength behaviour and hydration products, Cem. Concr. Res.
30 (2000) 1625–1632.

32] A. Kirschner, H. Harmuth, Investigation of geopolymer binders with
respect to their application for building materials, Ceram-Silik 48 (2004)
117–120.

33] P.S. Deb, P. Nath, P.K. Sarker, Strength and permeation properties of slag
blended fly ash based geopolymer concrete, Adv. Mater. Res. 651 (2013)
168–173.

34] T. Bakharev, Geopolymeric materials prepared using Class F fly ash and elevated
temperature curing, Cem. Concr. Res. 35 (2005) 1224–1232.

35] A. Palomo, M.W. Grutzeck, M.T. Blanco, Alkali-activated fly ashes: a cement for
the future, Cem. Concr. Res. 29 (1999) 1323–1329.

36] S. Andini, R. Cioffi, F. Colangelo, T. Grieco, F. Montagnaro, L. Santoro, Coal fly
ash as raw material for the manufacture of geopolymer-based products, Waste
Manage. 28 (2008) 416–423.

37] G. De Schutter, L. Taerwe, General hydration model for Portland-cement and
blast-furnace slag cement, Cem. Concr. Res. 25 (1995) 593–604.

38] Technical Position on Waste Form, Revision 1, United States Nuclear Regulatory
Commission, Washington, DC, 1991.

39] H. Xu, Q. Li, L. Shen, M.  Zhang, J. Zhai, Low-reactive circulating fluidized bed

combustion (CFBC) fly ashes as source material for geopolymer synthesis,
Waste Manage. 30 (2010) 57–62.

40] H. Xu, Q. Li, L. Shen, W.  Wang, J. Zhai, Synthesis of thermostable geopoly-
mer  from circulating fluidized bed combustion (CFBC) bottom ashes, J. Hazard.
Mater. 175 (2010) 198–204.

http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0005
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0010
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0015
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0020
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0025
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0030
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0035
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0040
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0045
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0050
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0055
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0060
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0065
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0070
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0080
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0085
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0090
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0095
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0100
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0110
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0115
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0120
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0125
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0130
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0135
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0140
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0145
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0150
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0155
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0160
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0165
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0170
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0175
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0180
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0185
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0190
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0195
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200
http://refhub.elsevier.com/S0304-3894(14)00415-4/sbref0200

	DuraLith geopolymer waste form for Hanford secondary waste: Correlating setting behavior to hydration heat evolution
	1 Introduction
	2 Materials and methods
	2.1 Raw materials
	2.2 HSW simulants and activating solution
	2.3 Sample preparation
	2.4 Methods of analyses

	3 Results and discussion
	3.1 Setting times
	3.2 Isothermal calorimetry
	3.3 Correlating setting times to hydration heat
	3.4 Compressive strength
	3.5 TCLP leach test

	4 Conclusions
	Acknowledgements
	References


