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Abstract. Monte Carlo simulations were conducted to calibrate the response of an accelerator-based PGNAA 
setup for determining the silicon concentration using silica timle cement concrete specimens. The prompt gamrna­
ray yield was initially calculated as a function of the specimen dlmenslOn to determme its optimum radlUs aad 
length. It was then calculated [rom cement concrete specimens containing 0 to 20% silica fume, by weight of 
Pnrtland cement. The results of the calculations show a linear response of garnma-ray for silicon with increasing 
concentration of silica fume in the concrete specimens. 

Introduction 

Prompt Gamma Neutron Activation Analysis 
(PGNAA) technique is a powerful multi-element 
analysis method that can be utilized to determine the 
concentrations of Ca, Si, AI, and Fe in bulk samples 
[Khelifi R.,et. AI.,1999; Lim C. S., et. AI., 2001; 
Naqvi A. A., et. aI., 2006a; Naqvi A. A., et. aI., 
2006b; Olivera c., et. al. J 997; Saleh H. H. and 
Livingston, R. A. 2000; Tickner 1. 2000]. It has been 
successfully utilized in cement manufacturing plants 
to monitor the concentration of lime, silicon dioxide, 
alumina, and iron oxide in raw materials [Olivera c., 
et. al. 1997]. Silica fume contains mainly silica 
(Si02) and thus it can be used to calibrate the 
response of a PGNAA setup to determine the silicon 
concentration. An accelerator-based PGNAA setup 
was developed at the 350 ke V accelerator laboratory 
at King Fahd University of Petroleum and Minerals 
(KFUPM) for the analysis of cement and concrete 
samples [Naqvi A. A., et. aI., 2006a; Naqvi A. A., et. 
aI., 2006b J. In the reported study, Monte Carlo 
simulations were conducted to calibrate the response 
of the PGNAA setup for determining the 
concentration of silicon in the silica fume cement 
concrete specimens. 

The accelerator-based PGNAA facility at KFUPM 
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is a thermal neutron capture-based setup. It utilizes a 
rectangular moderator, which can be used to analyze 
12 to 14 cm long cylindrical specimens with a 
diameter of up to 25 cm [Naqvi A. A., et. aI., 2006aJ. 
The optimum size of the sample that can be used with 
the moderator depends upon its material and can be 
calculated using M.onte Carlo simulations [Naqvi A. 
A., et. aI., 2006b]. In this study, the optimum size of 
the silica fume concrete specimen was determined 
from the prompt gamma-ray yield calculations, as a 
function of its radius and length. The prompt gamma­
ray yield was then calculated as a function of silicon 
concentration. 

Materials and Methods 

Calculation of Prompt Gamma-Ray Yield using 
Monte Carlo Simulation 

The optimum size of the silica fume concrete 
specimen was detennined through gamma-ray yield 
utilizing Monte Carlo simulations along with code 
MCNP4B2. These calculations were carried out 
following the procedures described elsewhere [Naqvi 
A. A., el. aI., 2006aJ. Figure 1 is a schematic 
representation of the PGNAA setup with the 
rectangular moderator [Naqvi A. A., et. aI., 2006b J. 
The elemental composition of the six silica fume 
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concrete specimens were calculated utilizing the 
information provided in Tables I and 2 [Maslehuddin 
M., et. aI., 1996). 

Paraffin+Lithium 
Carbonate Shielding 

Lead 

Paraffin Moderator 

Fig. I. Schematic representation of the PGNAA setup. 

Table 1 Chemical composition of Portland cement, silica fume, 
and coarse and fine agl!regates IMaslehuddin M., et. al. 19961. 

Composition Portland Silica Coarse Fine 
(wI. %) cement fume aggregate aggregate 

Si02 21.96 92.50 4.29 90.70 

AI,O) 4.53 040 0.20 140 

Fe,O) 2.92 0.40 0.23 048 

MgO 1.74 0.90 044 0.26 

CaCO) -- -- 93.20 5.62 

CaO 65.03 0.50 0 0 

Na20 0.10 010 0.03 0.17 

K,O 0.17 040 0.09 043 

Ti02 0.05 0 0.05 0.05 

SO, 2.30 0.50 040 0.20 

Table 2. Mixture composition of six silica fume cement 
concrete specimens. 

Portland Coarse Fine Silica 
Mix. cement aggregate aggregate fume Water, 

# WI. % wt.% wt.% wt'Yo wI. % 

1 15.97 47.59 29.26 0.00 7. 18 

2 15.84 47.22 29.02 0.79 7. 13 

3 15.79 47.07 28.93 1.11 7. 11 

4 15.71 46.85 28.80 1. 57 7.07 

5 15 .59 4648 28.57 2.34 7.02 

6 1547 46.12 28.35 3.09 6.96 

The bulk density and moisture content of the 
concrete specimens were assumed to be 2.2 g/cmJ 
and 5 wt %, respectively. The energies of the prompt 
gamma-rays used to analyze the concentration of 
calcium, aluminum, silicon, and iron in the concrete 
specimens were assumed to be : Si (3.539 MeV, 
68%} and 4.935 MeV, 63%); Ca (1.942 MeV, 73% 

and 6.420 MeV, 31%); Fe (7 .631 MeV, 29% and 
7.646 MeV , 24%) and AI (7 .724 MeV, 27%) [Naqvi 
A. A., et. a!., 2006a). The percentage number after 
each gamma-ray line is the corresponding intensity . 
It required approximately 35 minutes of computation 
time to reduce the statistical uncertainty from I % to 
2% in the prompt gamma-ray yield calculations for 
the most prominent lines from calcium and silicon. 

Determination of Optimum Size of Silica fume 
Cement Concrete Specimen 
The size of a cylindrical silica fume concrete 
specimen was obtained from the gamma-ray yield 
calculations as a function of its specimen radius and 
length. Additionally, the front moderator thickness 
was also optimized to obtain the maximum yield of 
prompt gamma-rays in a 25 cm x 25 cm (diameter x 
height) detector. Figure 2 shows the calculated yield 
of the prompt gamma-rays for calcium and silicon 
from silica fume concrete specimen as a function of 
the front moderator thickness of 14 cm and 23 cm 
diameter. 

90 
• Ca-1.94-SIFum 

• Ca-6.42-SiFum 

t t t 
• SI·3.54-SIFum 

o Si-4.94-SiFum 
"C 70 ! ~ 
>- i 
;;- :~ { 
",e 

t ~:::l 
! 1 I E ~ 50 

E ~ 
ca.""::: 

I Cl.Q i e.g i 
E 
2 30 I 

11. i !l ~ 
II II 

II a 

10 

o 
Front Moderator Thickness (cm) 

Fig. 2. Yield of gamma-rays from calcium and silicon in the 
silica fume cement concrete specimen plotted as a function of 
front moderator thickness. 

I 

I 

o 

10 

As was observed in earlier studies [Naqvi A. A., et. 
aI., 2006a], the maximum value of the prompt 
gamma-ray yield has been observed for a 3 to 5 cm 
thick front moderator. In the present design of the 
PGNAA setup, the thickness of the front moderator 
was chosen to be 5 cm . Figure 3 shows the calculated 
prompt gamma-rays intensity from calcium and 
silicon as a function of the specimen radius for a 
length of 14 cm. 

For the 1.94 MeV calcium and silicon gamma­
rays, the maximum yield of prompt gamma-rays has 
been observed for a specimen with a radius in excess 
of 11 cm; but for the 6.42 MeV gamma-rays from 
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Fig. 3 Yield of gamma-rays from calcium and silicon in the 
silica fume cement concrete specimen plotted as II function of 
its radius. 

calcium the maximum radius was observed to be 
more than 13 em, Based on the results of the silicon 
and calcium prompt gamma-ray yield, an average 
radius of I 1,5 em can be taken. As shown in 
4, the maximum yield of calcium and silicon gamma­
rays has been observed for a specimen of 10 to 
16 em. An average length of about 14 em may be a 
good choice, The results of these calculations reveal 
that the optimum radius and length of the 
are J 1.5 and 14 em, respectively, for a front 
moderator thickness of 4 to 5 cm_ 

Results and Discussion 

Calibration of the PGNAA using Silica 
Fume Cement Concrete ijpeClme;n 
The prompt gamma-ray was calculated from the 
six silica fume cement concrete eontaining 
0-20 wt. % silica fume by weight of Portland cement. 
Since silica fume contains lllcreasing 
the silica fume concentration In the concrete 

increases the silicon concentration but the 
nr"nrb'nn calcium concentration deereases_ 

For an addition of 0-20 wI. % of silica 
of Portland cement, in concrete, it resulted in 

an increase in the silicon concentration from 14,97 
wI. % to 15.84 wt. % while the calcium 
concentration decreased from 25.85 wt.% to 25.06 
wt.%, The calculated of prompt gamma-rays 
from calcium and silicon from these is 
plotted in 5 7, The data in 5 
through 7 indicate a linear correlation between the 
gamma-ray and the ('{"rrp,Q,v\nrl 

concentration in the concrete 
and 6 show almost similar trends, The 
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Fig, 4 Yield of gamma rays from calcium and silicon in the 
concrete specimen plotted as a function of its length. 

6.42 MeV gamma-ray is almost 36'Yo more 
than that of the 1.94 MeV gamma-rays, There is a 
constant increase in the gamma-ray for a 

increase in the calcium concentration. 
7 also shows a Jinear increase in the silicon 

gamma-rays yield for a increase in 
the silicon concentration in The slopes of 
the yield of the silicon gamma-rays are almost 
equal; both the gamma-rays have 
lines. This has valuable information 
on the use of silica fume cement concrete for the 
ealibration of a PGNAA setup for the determination 
of silica, The response was calibrated using six 
silica fume cement concrete prepared 
with 0-20 % silica fume by of the Portland 
cement. 
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Fig, S. Yield of 1.94 MeV gamma-rays from calcium plotted as 
a function of calcium concentration in the six silica fume 
cement concrete specimens. 
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Fig. 6. Yield of 6.42 MeV gamma rays from clIlcium plotted as 
a function of calcium concentration in six silica fume cement 
concrete specimens. 
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Fig. 7. Yield of 3.54 and 4.94 MeV gamma rays from silicon 
plotted as a function of silicon concentration in the six silica 
fume cement concrete specimens. 

Conclusions 

In this study Monte Carlo simulations were 
carried out to calibrate the response of the PG:-.JAA 
setup silica fume cement concrete specimens 

for the determination of silicon concentration, The 
results of the calculations show a linear response of 
the silicon gamma-rays with silica 
fume concentration in the concrete, This has 
shown that silica fume cement concrete~ 
can be utilized to calibrate the response of the 
PGNAA for silica measurements, 
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