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v  The development of concrete temperature during early age is crucial on its 
long term durability.  

 
v  Early age surface cracking during hydration can lead to an undesired results 

which may associate with quality concern, time consuming and extra cost. 
 
v  Only few studies were found on the investigation of concrete hydration at 

early age using embedded fiber optic temperature sensors . 
 
v  Integrate the knowledge from civil and electrical engineering in solving the 

research problem represents a multidisciplinary effort. 

Discussion 

MOTIVATION 
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OVERVIEW  OF  THE  RESEARCH 

Parametric Study Approaches 
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CONCRETE  HYDRATION  HEAT 

  Cement hydration begins when cement is in contact with water. Hydration 
reactions are all exothermic which liberate heat and raise concrete temperature.  

  Concrete at early age produces the greatest rate of heat liberation within the first 
24 hours and a large amount of heat is developed within the first 3 days. 

  Four major chemical compounds that account for the hydrated cement are 
ordered from fastest to slowest rates of reaction with water as follow : C3S 
(tricalcium silicate) > C2S (dicalcium silicate) > C3A  (tricalcium aluminate) > 
C4AF  (Tetracalcium Aluminoferrite). 

  The rate of heat evolution and total heat liberated are mainly related to:  
o  Cement composition  
o  Cement fineness (blaine value) 
o  Cement content,  casting temperature and  
o  Water to cement ratio (w/c) 
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Cement hydration consists of five stages: (1) Initial Dissolution of Solids,  
(2) Induction Period, (3) Acceleration, (4) Deceleration, and (5) Steady State. 
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CONCRETE  HYDRATION  HEAT 
(CONT.) 

Figure 1. Rate of heat generation during hydration of Portland cement 
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FIBER  OPTIC  SENSORS 

Fiber optics are made from polymer, glass or ceramic materials. 
  Advantages: they are electromagnetic interference (EMI) immune, low cost, light in 

weight, better in quality and reliability, more accurate, multiplexing simplicity and 
well-suited with embedding in a range of structural materials.  

  Disadvantages: fiber optic sensors are fragile and therefore can be easily damaged if 
not protected properly. 

  Four main types of fiber optic sensors used in civil engineering applications are 
characterized as follows :  

Point sensors consist of a single measurement point at the end of the fiber optic 
line.     
Multiplexed sensors permit multi-points measurement along a single fiber cable.     
Long-base sensors  allow the measurement over a certain sensing length.     
Distributed sensors provide the capability of sensing at any point a long a single 
fiber line.  
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LITERATURE  REVIEW 

 
  Hansen and Pederson  (1977)  study the curing and hardening of concrete. 
  Ma et. al. (1994) performed isothermal calorimetry test at adiabatic conditions from 10 to 55 oC with 5 oC 

increment. 
Rao et. al. (1997) measured strain, temperature and vibration simultaneously by using a quasi-distributed 
FBG/FFPI sensor. 
Guo et. al. (2001) performed experiments under adiabatic conditions to study the temperature distribution 
within high slag blast furnace cement concrete. 

  Wang et. al. (2001) measured temperature variation within concrete structures at different depths by 
embedded FBG sensor and thermocouple sensors. 
Xiong and Breugel (2001) performed isothermal calorimetry test to study the effect of three adiabatic 
temperatures on concrete hydration heat.  
Mc.Cullough and Schindler (2002) studied the impacts of high temperature on concrete pavement 
behavior. 
Tjin et. al. (2002) embedded FBG temperature sensor arrays into concrete beam and concrete slab to 
measure the temperature distribution. 
Zeng  (2002) used Brillouin-scattering-based distributed FOS for both temperature and strain measurement 
of a reinforced concrete beam. 

  Schindler (2004) conducted literature review on activation energy of cementitious materials. 

11/16/2011 10 INVESTIGATION OF PORTLAND CEMENT CONCRETE HYDRATION HEAT AT EARLY AGE 



Microwave Material 
Characterization Lab 

 
LITERATURE  REVIEW 

 
  Schindler and Folliard (2005) performed semi-adiabatic calorimetry tests on thirteen different mixtures to 

study hydration heat development of cementitious materials. 
  Riding et. al. (2006) applied three different methods in predicting concrete temperature including PCA, 

ACI 207.2R graphical and Schmidt methods. 
  Wu et. al. (2006) applied distributed FOS on to full-scale prestressed concrete girder to study the structure 

performance. 
  Poole et. al. (2007) determined methods for calculating activation energy for Portland cement. 
  Riding (2007) had taken convection, radiation and shading effects into consideration for predicting mass 

concrete temperature. 
Ou and Zhou (2008) installed FBG sensors in over 10 bridges in China to evaluate strain, stress and 
temperature of structure. 
Inaudi et. al. (2009) wrote a review of FOSs used in I35W bridge in Minneapolis. 
Kuder et. al. (2010) studied the concrete development by taking size effect, addition of Class F fly ash and 
insulation into consideration. 
Yun et. al. (2010) embedded fiber Brag grating sensors (FBG) into higher performance concrete 
(HPC) columns to evaluate early age autogenous shrinkage (AS). 
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  Graham et. al. (2011) studied the effectiveness of various cement fineness to reduce concrete peak 
temperature during early age development. 
Xu et. al. (2011) conducted calorimetry tests on cement mortar and concrete specimens to determine 
cement hydration properties and to predict early age temperature profiles of Portland cement concrete 
pavement. 
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RESEARCH  APPROACH 

  Experimental study: two sets of experiments were conducted to collect the temperature 

profiles of concrete cylinder specimens with various water-to-cement (w/c) ratios (range from 

0.4 to 0.6) under adiabatic condition, using FP fiber optic temperature sensor(s) with and 

without a thermocouple sensor.  

  Parametric Study: based on the measured data, the amount of hydration heat release, 

apparent activation energy were calculated using theoretical models. 
Table 1: Dimension and w-c ratio used in experiment 
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SP W/C TH. Sensor FOS Tem. 
Sensor 

Duration/ 
Experiment 

4”x8” 0.40 - 0.50 - 0.60 √ √ 70 hr 

3”x6” 0.40 0.45 0.50 0.55 0.60 - √ 45 hr 
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EXPERIMENTAL  PROGRAM 
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EXPERIMENTAL  PROGRAM 
Mix Design 

Materials:  ASTM C 150 Type I/II Portland cement, 3/8” Gravel, Sand and Water. 
 

       Table 2: Mix design for concrete cylinders 
 
 
 
 
 
 
 
 
 
 
 

Note: The calculation is done based on PCA volume method at saturated surface dry condition. 
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4“ X 8“ Specimens 3“ x 6“ Specimens 

Water-cement-ratio Water-cement-ratio 

Component (lb) 0.40 0.50 0.60 0.4 0.45 0.5 0.55 0.6 

Cement  1.510 1.510 1.510 0.637 0.637 0.637 0.637 0.637 

Sand 2.562 2.562 2.562 1.081 1.081 1.081 1.081 1.081 

Gravel 3.719 3.719 3.719 1.569 1.569 1.569 1.569 1.569 

Adjusted Water 0.648 0.799 0.950 0.273 0.304 0.337 0.369 0.401 

Total 8.439 8.590 8.741 3.560 3.592 3.624 3.656 3.688 
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EXPERIMENTAL  PROGRAM 
Fabry-Perot  Fiber  Optic  Temperature  Sensor 
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Figure  2. Structure of Fabry-Perot fiber optic temperature sensor 
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Application 
Monitor the changes in the reflection 
spectrum caused by the thermal 
expansion of the attached single 
mode fiber section (SMF). 

Manufactured Location:  
University of Massachusetts Lowell 
Electrical and Computer Eng. Dept. 
Center for Electromagnetic Materials  

and Optical Systems 
 

Manufactured By: 
  UMass Lowell PhD student,  

Xiaotian Zou from the  
Electrical and Computer Eng. Dept. 
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EXPERIMENTAL  PROGRAM 
Experimental Setup 

  Two experimental setups were chosen for this research study. 
  First setup: no ambient conditions considered/ measured. 
  Second setup is different from the first experimental set in the followings 
 aspects: 
a)  To reduce the effect of surrounding conditions on concrete temperature 

development which was found in the first experimental set. 
b)  To observe concrete temperature changes when the ambient temperature 

was set to a constant value, which was 25 oC in this research study. 
c)  To observe the temperature difference at the surface and at the core of 

concrete. 
d)  The availability of FP fiber optic temperature sensors. 
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EXPERIMENTAL  PROGRAM 
 Schematic  of  First  Experimental  Setup 

Figure 5. Schematic of experimental setup for 4”x8” specimens 
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Figure 4. Experimental setup for 4”x8” specimens 

EXPERIMENTAL  PROGRAM 
First  Experimental  Setup 
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Figure 8. Schematic experimental setup for 3”x6” specimens 
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EXPERIMENTAL  PROGRAM 
 Schematic  of  Second  Experimental  Setup 

COUPLER 
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Figure 6. Experimental setup for 3”x6” specimens 

EXPERIMENTAL  PROGRAM 
Second  Experimental  Setup 
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Figure 7. Enlargement of experimental setup for 3”x6” specimens 

EXPERIMENTAL  PROGRAM 
Second  Experimental  Setup (cont.) 
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Figure 9. Concrete casting procedure 
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EXPERIMENTAL  PROGRAM 
 Casting  Concrete  Procedure 

1 2 3

4 5
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EXPERIMENTAL  RESULTS 

4”x8” Specimen (w/c = 0.4 – 0.6) 
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Figure 10. Concrete temperature measured by FP & thermocouple sensors 
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EXPERIMENTAL  RESULTS 

4”x8” Specimen (w/c = 0.4 – 0.6) 
 

Figure 12. Concrete temperature with various w/
c  measured by FP sensor 

Figure 11. Concrete temperature with various w/
c  measured by thermocouple sensor 
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Figure 13. Concrete surface and core temperature profiles with various w/c 
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3”x6” Specimen (w/c = 0.4 – 0.6) 
 (Tc_peak)S = 35.51 oC  

(Tc_peak)C  = 37.89 oC 
(w/c = 0.40) 

(Tc_peak)S = 36.11 oC  
(Tc_peak)C  = 39.19 oC 

(w/c = 0.45) 

(Tc_peak)S = 37.44 oC  
(Tc_peak)C  = 41.08 oC 

(w/c = 0.55) 

(Tc_peak)S = 37.82oC  
(Tc_peak)C  = 43.49 oC 

(w/c = 0.60) 

(Tc_peak)S = 36.74 oC  
(Tc_peak)C  = 40.37 oC 

(w/c = 0.50) 



Microwave Material 
Characterization Lab 

0 10 20 30 40 5020

25

30

35

40

45

t (hr)

Te
m

pe
ra

tu
re

 (o C
)

 

 

S (w/c = 0.40)
S (w/c = 0.45)
S (w/c = 0.50)
S (w/c = 0.55)
S (w/c = 0.60)

11/16/2011 30 

Figure 14. Concrete surface temperature 
profiles with various w/c 

INVESTIGATION OF PORTLAND CEMENT CONCRETE HYDRATION HEAT AT EARLY AGE 

 
EXPERIMENTAL  RESULTS 

3”x6” Specimen (w/c = 0.4 – 0.6) 
 

Figure 15. Concrete core temperature 
profiles  with various w/c 
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PARAMETRIC  STUDY 

  Two approaches were used to perform parametric studies  

based on the temperature data obtained from both 

experimental sets. 

  1st Approach: Used for calculating apparent activation energy 

and heat of hydration 

  2nd Approach: Used for calculating  heat of hydration, which 

Ea1 and Ea2 are 29000 J/mol and 33500 J/mol, respectively. 

  Two values of Ea were selected in order to  obtain a range of 

   heat evolution within concrete structure.  

  Ea = 29000 J/mol was chosen because the minimum value of 

   Ea determined in the first approach is around 29000 J/mol.  

  Ea = 33500 J/mol was selected based on the previous     

   research finding conducted by Freiesleben Hansen and       

   Pederson (1977). 
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  Activation energy is known as the energy that required to overcome 
the hydration reaction between water and cement particle.  

 
  Activation energy is commonly used in the prediction of 
temperature sensitivity for hydrated products. 

  
  Since concrete is heterogeneous and composes of many different 
chemical compositions, the activation energy should be called as 
apparent activation energy, Ea. 
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PARAMETRIC  STUDY 
Define  Apparent  Activation  Energy 
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Ea = (44.92 − 0.043Tc) exp (−0.00017Tc − α) 
 where,  Ea: Apparent activation energy (kJ/mol), 
    Tc: Concrete temperature at instant time (oK), 
    α : Degree of hydration (DOH) at instant time (unit less) 
    (α  = H(t)/ Hu   (H(t) = heat of hydration  and Hu  = ultimate heat of hydration)) 

 

Hu = Hcem x Pcem + 461Pslag + 1800PFA−CaO x PFA 

 where,  Hcem: cement hydration heat (kJ/kg) 
    Pcem: the mass of cement over total cementitious content 
    Pslag: the mass of slag over total cementitious content, 
    PFA−CaO: the mass of of fly ash CaO to cementitious content. 

 

Hcem = 500PC3S + 260PC2S + 866PC3A + 420PC4AF + 624PSO3 + 1186PFreeCa + 850PMgO 
 

 where,  Pn: the mass ratio of ”n” component over the total cement content. 
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PARAMETRIC  STUDY – First  Approach 
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H(t) = Cp × Tc  
 

   where,   H(t): heat of hydration at time t (kJ/kg) 
      Cp: average concrete specific heat (0.96kJ/kg/oC) 
      Tc: concrete temperature (oC) 

 
(dEa)/(dTc) =  [−0.043 + (44.92 − 0.043Tc)(−0.00017 − Cp/Hu)] × exp(−0.00017Tc − Cp/Hu) 

 
dH/dTc = Cp  

 

 (dEa)/(dTc) × (dH/dTc)
-1 =  −0.0448 
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PARAMETRIC  STUDY – First  Approach 
(Cont.) 



Microwave Material 
Characterization Lab 

τ = 66.78·PC3A − 0.154·PC3S − 0.401·Blaine − 0.804·PSO3  

      −0.758·exp(2.187·PSLAG + 9.50·PFA·PFA−Cao) 

β  = 181.4·PC3A
0.146·PC3S

0.227·Blaine−0.535·PSO3 
0.558·exp(−0.647·PSLAG) 

αu = [(1.031)·(w/cm)]/[0.194 + w/cm] + 0.5·PFA + 0.3·PSLAG ≤ 1.0 
  where,  τ : hydration time parameter (hr) 
     β : hydration shape parameter 

      αu : ultimate degree of hydration  

P(t) = Hu × (τ /te)
β × αu × exp(− τ /te)

β × exp[Ea/R(1/Tr − 1/Tc)] 
  where,  P(t): rate of concrete hydration heat (J/g/hr) 
     Tr: reference temperature (294.25 oK) 
     Tc: concrete temperature (oC) 
     te: as defined in next equation 
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PARAMETRIC  STUDY – Second  Approach 
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te = Ʃ exp(−Ea/R)(1/Tc −1/Tr) ·Δt 
  where,  te : concrete equivalent age (hr) 
     Tr : as defined above 
     Tc : as define above 
     Ea : the apparent activation energy (J/mol) 
     R : the universal gas constant (8.3144J/mol/oK) 

 
With the calculated value of P(t), concrete hydration heat H(t) (kJ/kg) can be obtained 
as follows: 

H(t) = P(t) × Δte 
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PARAMETRIC  STUDY – Second  Approach 
(Cont.) 
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Figure 16. Apparent activation energy of 
concrete specimens under various w/c 

Figure 17. Heat of hydration of concrete 
specimens under various w/c 

Figure 18. Relationship between  
heat of  hydration  
and apparent activation energy 
 under various w/c 
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PARAMETRIC  STUDY – First  Approach 
 3”x6” Specimens (w/c = 0.4 – 0.6)  

 
 

Figure 19. Apparent activation energy  at surface and core of concrete specimens under various w/c 
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Figure 20.  Apparent activation energy at 
surface of concrete under various w/c 

Figure 21.  Apparent activation energy at core of 
concrete under various w/c 

Figure 23.  Heat of hydration at core of concrete  
under various w/c 

Figure 22.  Heat of hydration at surface of concrete  
under various w/c 

 
 

PARAMETRIC  STUDY – First Approach 
 3”x6” Specimens (w/c = 0.4 – 0.6)  (Cont.) 
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Figure 24. Relationship between heat of  hydration and apparent activation energy under various w/c 

 
 

PARAMETRIC  STUDY – First Approach 
 3”x6” Specimens (w/c = 0.4 – 0.6)  (Cont.) 
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PARAMETRIC  STUDY – Second  Approach 
Heat  of  Hydration  for  4”x8”  Specimens  (w/c = 0.4 – 0.6)  

 
 

Figure 25. Heat of hydration for concrete specimens  
under various w/c (Ea = 29000 J/mol) 

Figure 26. Heat of hydration for concrete specimens  
under various w/c (Ea = 33500 J/mol) 
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PARAMETRIC  STUDY – Second  Approach 
Heat  of  Hydration  for  3”x6”  Specimens (Ea = 29 kJ/mol)  

 
 

Figure 27. Heat of hydration at surface and core of concrete specimens under various w/c (Ea = 29000 J/mol) 
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Figure 28. Heat of hydration at surface of concrete  
specimens  under various w/c (Ea = 29000 J/mol) 

Figure 29. Heat of hydration at core of concrete  
specimens  under various w/c (Ea = 29000 J/mol) 

 
 

PARAMETRIC  STUDY – Second  Approach 
Heat  of  Hydration  for 3”x6”  Specimens (Ea = 29 kJ/mol) (Cont.)  
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PARAMETRIC  STUDY – Second  Approach 
Heat  of  Hydration  for  3”x6”  Specimens  (Ea = 33.5 kJ/mol)  

 
 

Figure 30. Heat of hydration at surface and core of concrete specimens under various w/c (Ea = 33500 J/mol) 
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Figure 31. Heat of hydration at surface of concrete  
specimens under various w/c (Ea = 33500 J/mol) 

Figure 32. Heat of hydration at core of concrete 
 specimens under various w/c (Ea = 33500 J/mol) 

 
 

PARAMETRIC  STUDY – Second  Approach 
Heat  of  Hydration  for  3”x6”  Specimens  (Ea = 33.5 kJ/mol)  
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PARAMETRIC  STUDY – Second  Approach 
Heat  of  Hydration  for  3”x6”  Specimens  (Surface) 

 
 

Figure 33. Heat of hydration at surface of concrete  
specimens  under various w/c (Ea = 29000 J/mol) 

Figure 34. Heat of hydration at surface of concrete  
specimens  under various w/c (Ea = 33500 J/mol) 

Figure 35. Heat of hydration at core of concrete  
specimens  under various w/c (Ea = 29000 J/mol) 
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Figure 36. Heat of hydration at core of concrete 
 specimens under various w/c (Ea = 33500 J/mol) 
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RESEARCH  FINDINGS 
Measured Concrete Temperature 

   When equal amounts of cement, sand, and gravel were used, the maximum temperature increased 
with the increased of water to cement ratios  (w/c = 0.4 – 0.6) which are found in both experiments. 

  In the first experimental set:  
Ø  The temperature development within concrete cylinders was primarily increased due to heat of 

hydration and decreased based on ambient conditions during the cooling period. 
Ø  Thermocouple sensor produced inaccurate temperature measurement. thermocouple sensor 

appeared to be easily interfered by environmental conditions.  
Ø  On the other hand, Fabry-Perot fiber optic temperature sensor provided  a promising  temperature 

data.  
  In the second experimental set:   
Ø  20 hours after concrete placement, the development of surface temperature was mostly       

dominated by the ambient temperature inside the glass chamber. However, the core       
temperature was less effected by the ambient temperature.  

Ø  The crossover effect occurred between the surface and core temperature curves due to                  
the fact that both temperatures are trying to reach equilibrium.  

Ø  The core temperature went lower than the ambient temperature is not completely understood. 
More research needs to be done in the future in order to interpret the outcome. 
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Table 3: Peak temperature of 4”×8” concrete specimens 

 
 
 
 
 
 

 
Table 4: Peak temperature of 3”×6” concrete specimens at surface and centroid 
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water-cement ratio 0.4 0.45 0.5 0.55 0.6 

Surface (FP2) 
oC 35.51 36.11 36.74 37.44 37.82 

t (hr) 14.60 13.68 13.66 14.83 14.30 

Core (FP1) 
oC 37.89 39.19 40.37 41.08 43.49 

t (hr) 14.18 13.55 12.96 14.68 13.92 

FP Thermocouple 
w/c oC t (hr) oC t (hr) 
0.4 51.42 13.52 59.3 12.58 
0.5 52.88 14.16 52.4 14.06 
0.6 55.08 15.24 57.1 15.23 

RESEARCH  FINDINGS 
Measured Concrete Temperature (cont.)  
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RESEARCH  FINDINGS 
Parametric Studies of Concrete Hydration & Ea (cont.) 

   Temperature data obtained from experimental measurement is the key parameter in the 
 study of apparent activation energy and heat of hydration. 

 

First Approach 
  4”×8”  Specimens:  
Ø     Average (Ea) min and (Ea) max are determined to be 29.21 kJ/mol and 30.65 kJ/mol,        
respectively.  
Ø     More energy is required to give up in order to overcome the reaction between water and       
cement (1.118 kJ/mol (w/c = 0.40), 1.129 kJ/mol (w/c = 0.50) and 1.471 kJ/mol (w/c= 0.60)). 
Ø    Average  H(t)max equals 51.16 kJ/kg. 

  3”×6”  Specimens:  
Ø  Average (Ea) min and (Ea) max are found to be 29.97 kJ/mol and 30.52 kJ/mol (at the surface), 

and 29.8 kJ/mol and 30.61 kJ/mol (at the core), respectively.  
Ø  More energy is required for overcoming the hydration reaction at: 
    Surface: 0.487 kJ/mol (w/c = 0.40), 0.517 kJ/mol (w/c = 0.45), 0.545 kJ/mol  
    (w/c = 0.50), 0.581 kJ/mol (w/c = 0.55) and 0.589 kJ/mol (w/c = 0.60). 
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First Approach 
 Core: 0.598 kJ/mol (w/c = 0.40), 0.651 kJ/mol (w/c = 0.45), 0.74 kJ/mol (w/c = 0.50), 
0.86 kJ/mol (w/c = 0.55) and 0.94 kJ/mol (w/c = 0.60). 

Ø  Average H(t) max equals 35.274 kJ/kg and 38.778 kJ/kg at the surface and core  of specimens, 
respectively.  

  Heat of  hydration is linearly proportional to apparent activation energy.  
  Heat of  hydration increases as w/c increases. 
  Apparent activation energy and heat of  hydration are dependent on concrete temperature. 

 
Second Approach 

 
  Most of heat of hydration curves induce double peaks, this occurrence may due to the availability 

of tricalcium silicate during heat of hydration acceleration period.  
  Heat of hydration is dependent on concrete temperature and apparent activation energy. 
  Potential heat of hydration increases from lower to higher water to cement ratio. 
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RESEARCH  FINDINGS 
Parametric Studies of Concrete Hydration & Ea (cont.) 
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First vs. Second Approach 
 

Table : Average heat of hydration for all concrete specimens 
 
 
 
 
 
 
 

  In comparing the first approach and the second approach (with Ea = 29000 J/mol), we can see 
   that values of heat of hydration are only slightly different. This is because the value of Ea    
   used in the second approach is about the same as value of Ea obtained in the first approach.  

 
  It should be noted that when Ea = 33.5 kJ/mol used in the second approach, it generates the 

highest value hydration heat. Ea = 33.5 kJ/mol is used in order to obtain the upper bound 
value of heat liberates within concrete structure. 
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4”x8” 3”x6” 
Ea (kJ/mol) H(t) kJ/kg H(t)surface kJ/kg H(t)core kJ/kg 
29 – 30.5 51.16 35.27 38.78 

29 55.00 32.70 37.81 
33.5 70.40 35.74 42.68 

RESEARCH  FINDINGS 
Parametric Studies of Concrete Hydration & Ea (cont.) 
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SUMMARY 

   Concrete temperature development at early age was studied using embedded fiber optic sensors. 
  Three 4”×8” and five 3”×6” concrete cylinders were manufactured for the temperature 

measurement in the first and second experimental setups, respectively. Experiments conducted 
based on the first and the second setups last 70 hours and 45 hours, respectively. 

  Apparent activation energy and heat of hydration were studied based on two approaches : 
 (a) the first approach is based on real-time measurement, and (b) the second approach is based on 
concrete equivalent age.  

  Both approaches are in good agreement and considered to be reliable for the prediction of concrete 
hydration heat at early age. 

  FP sensors provided accurate temperature measurement in all experiments given that proper 
protection and installation techniques are implemented.  

  The type of FP sensor used in this research is a novel FP sensor in measuring temperature in 
concrete which will be valuable for future application. 

  One journal paper has been submitted to the Journal of Measurement, two journal papers are under 
preparation.  

  One conference paper has already been accepted by SPIE Smart Structures/NDE (San Diego, 
2012). 
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