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Abstract — Pulverized fuel ash is used as a replacement for a part of cement in grouting engineering and density of cement 
pulverized fuel ash grout is a critical parameter for the grouting quality. In order to measure grout density dynamically and 

accurately, a new type of nuclear density transducer was developed based on the basic principle of interaction between γ-ray and 
the substance. The nuclear density transducer is suitable to measure almost all types of cement pulverized fuel ash grout with 
different water-pastern ratio, which is widely performed in dam curtain grouting and foundation reinforcement grouting. The 
principle and key technical points of the nuclear density transducer are discussed in this paper, and the experimental researches of 
the new transducer are described.  
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I. INTRODUCTION 
 
Grouting is one of the most important methods in 

increasing strength and decreasing permeability of the rock 
in hydropower station construction, which have lots of 
cement consumed. Pulverized fuel ash is commonly used as 
admixture in practice because it can save plenty of cement 
and fine aggregate, workability and groutability of the grout 
and impermeability of grouted rock can also be improved 
greatly[1-2]. However, grouting is a concealed work, 
process and result of which are affected by many factors, 
such as cement properties, grouting method and technology. 
While the most important and controllable factors are 
grouting pressure, grout flow and grout density. In order to 
improve the grouting quality and reduce artificial error in 
recording during the grouting process, it is recognized that 
auto-recorder system should be used. 

Nowadays, grouting pressure and grout flow can be 
measured by most auto-recorder system accurately, but it is 
difficult to measure grout density by common transducer 
(gradiomanometer, for example) accurately and non-contact 
during grouting process, especially to measure cement 
pulverized fuel ash grout density. In order to solve this 
problem, the authors developed a new type nuclear density 
transducer with big full scale range, high accuracy and non-
contact measurement. It is suitable to measure almost all 
types of cement pulverized fuel ash grout with different 
water-pastern ratio, which is widely performed in dam 
curtain grouting engineering and foundation reinforcement 
grouting engineering. 

 
 

II. BASIC PRINCIPLES 
 
Interaction of γ-ray and substance demonstrates some of 

the photons will be absorbed and scattered while γ-ray  

passing through the substance. The higher the substance  
density is, the larger the amount of photons absorbed and 
scattered will be, and the smaller amount of photons will 
pass through. That means density of the substance could be 
measured by detecting the amount of photons passing 
through when γ-ray interacting with the substance. It is the 
same case when γ-ray passing through cement pulverized 
fuel ash grout.  

The relation between the amount of the photons passing 
through the grout and the grout density can be expressed as 
follows [3-4]:  

 
               mDNNi  exp0             (1) 

                  
where N0, Ni are the amount of the photons emitted by the 
γ-ray source and passing through the grout, respectively; D 
is inner diameter of the tube through which the grout passing 
(in meter); ρ is the grout density(in kg/m3 ); and μ is the 
absorbing coefficient. When γ-ray source and the inner tube 
diameter D is constant, grout density could be calculated 
based on the density of water: 
 

  ln ln /g w w gN N             (2)                 

 

where ρg, ρw are density of grout and water, respectively; 

and Ng, Nw are the amount of  photons passing through 

grout and water, respectively. 
The amount of photons passing through the grout can be 

measured by using a constant γ-ray source and a γ-ray 
detector. With relatively high stability and long half-life, 
Cesium-137 was selected as constant γ-ray source, together 
with a high accuracy photomultiplier tube(PMT) made in 
Japan to detect the photons passing through the grout. 
Photons absorbed by the photomultiplier tube will be 
transmitted to sharp electric pulses. After amplified, 
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discriminated and shaped, the sharp pulses will be converted   to   standard   TTL   electric  signals  and  then  
 

ray

 
 

Fig. 1.  The basic principle of the Nuclear Density Transducer 

 
recorded by microcomputer. Figure 1 is the basic principle 
of the nuclear density transducer.      

III. HARDWARE DESIGN 

The system was developed by Intel's 80C196 single-
chip, and selected EPROM 2764 for program memory, 
RAM6264 for data memory, 8D trigger 74LS373 as the 
address latch. Total system hardware diagram is shown in 
Fig.2. It consists of input part, output part, single-chip 
system and power source, etc.  

Input part finished the input signal processing, as showed 
in FIG .2.   

 

 
 

Fig. 2.  System Hardware Structure Diagram 

 
Because of signal steep front, small amplitude and noise, 

specialized integrated circuits was used for amplification, 
screening, forming. Considering of bad densimeter working 
conditions and particularly serious common mode 
interference, The system front-end signal acquisition and 
processing part and  single-chip was completely isolated by 
light electric coupler, and meanwhile considering of output 
signal of PMT random characteristic, and its instantaneous 
baud rate is probable high, To ensure the normal density 
signal transmission, The system uses a high-speed 
optocoupler.Cesium-137 was selected to be the radiation 
source because it will not be affected by circumstance 
conditions such as temperature, humidity, noise and intense 
electric field etc, It is welded into a high security capsule 

made from stainless steel and lead. The capsule is 
thoroughly checked according to international law. This 
capsule has a  
small channel facing the detector, the channel must be 
closed during transportation or work interval. It should be 
noted that the radiation source must be controlled strictly. 

Obviously, inner diameter D value of grout tube is equal 
to the grout thickness when the grout was pumped through 
the detective tube upward. Theoretically, a proper inner 
diameter D value can obtain optimum measurement 
accuracy, and the D value should be determined by grout 
density. The relation between inner diameter D value and the 
grout density can be expressed as follows [5-6]:  

 

 2 /optD                       (3) 

 
For Cesium-137 and cement pulverized fuel ash grout, 

gm k/0068.0 2 [7], and ρ varies commonly from 

1200kg/m3 to 1800 kg/m3, which is the most important 
density range for large dosage in grouting engineering. From 
equation 3, optimum D value should be in the range from 
0.165m to 0.25m. It is impractical to change the tube 
diameter frequently, so the tube diameter should be fixed. It 
was proved that tube with larger diameter could obtain high 
accuracy of the transducer in practice, so casing tube with a 
inner diameter of Φ220 was selected as the nuclear density 
transducer measuring tube. 

 
 

IV. SOFTWARE DESIGN 
 
System software was programmed by 80C196 assembly 

language, its characteristics include modular design, clear 
structure, easy maintenance and expansion. the main 
modules includes: initialization module, control module, 
acquisition and processing module, computing modules, 
display modules and print modules. System software flow 
chart was shown in FIG .3. System uses the interrupt control 
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mode. After power the Power-down protection logo is 
judged firstly, Otherwise, the system initializated, then set 
the corresponding interrupt vector system, followed by 
program enters the message loop waiting for interrupts. 
When the interrupt occurs, the system immediately 
transferred to the corresponding interrupt handling routines, 

the completion of the corresponding processing tasks. In 
normal circumstances,  
the system produces a data interrupt acquisition signal in 
each 5s, the data collection, processing and calculation was 
done in the interruption [8]. 

 

 
 

FIG. 3.  System Software Flow Chart 

 
Keyboard protection interrupt is used to call the 

appropriate function module and accomplish the task 
depending on the different keys. Power-down protection 
interrupt is used to protect important data when power-down 
happened, and set the appropriate power protection logo, and 
make the system can run from a breakpoint after power 
restoration happened. Calibration of water counting module 
is used for the system to use for the first time or change in 
the work environment. The calibration constant module is 
used for density meter scale. The system package also 
includes the operator subprogram class to complete the 
necessary calculations. 

 
 

V. CALIBRATION 
 
Calibration is to confirm the absorbing coefficient μ 

value which can remove system error  and  improve 
measurement accuracy.  From equation 2, the absorbing 
coefficient μ value can be converted mathematically as 
follows[4]: 

ln lnw sg

sg w

N N


 





                             (4) 

Where ρw and ρsg are the density of water (ρw 
=1.000g/cm3) and some given grout density (i.g: ρsg =1.400 
g/cm3), respectively. Nw and Nsg are the amount of the 
photons passing through water and the given grout, 
respectively. 
   

VI. REPEATABILITY 
 
To evaluate the drift of this instrument, 120 

measurements was done in a particular sample with the same 

point by an instrument, calibration with three samples was 
done before each measurement, so the measurement was not 
affected by any change of γ-ray source. 120 measurements 
of statistics are: 

 
The average density:  3cmg746.1   

Standard deviation:    3cmg011.0   

Extremum:                 -3
min cmg698.1   

-3
max cmg788.1 

 
 
In accordance with the Gaussian distribution, density can 

be estimated as: 
 2 , With 98% reliability. The 

corresponding uncertainties can be calculated: 

%1
746.1

011.022






 

 

VII. ACCURACY 

 
The indoor experiments were carried out in a self-

founded grouting engineering laboratory (FIG. 4). During 
the experiment, 4 known grout samples density were tested 
by the instrument, and each sample was tested for 60 
minutes, in which calibration was done only once, at the 
same time, the interior temperature increased from 15℃ to 

40℃ . In Table 1 ρ gt represents the density of cement 
pulverized fuel ash grout measured by conventional balance 
measurement accurately; ρ gm represents the density of 
cement pulverized fuel ash grout measured by the new type 
nuclear density transducer. It can be found that results 
measured by the nuclear density transducer are consistent 
with the true value and the maximum measuring error is no 
more than 3‰, and the error remain in the scope of 
permissible deviation. 
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TABLE 1.  DYNAMICAL MEASUREMENT RESULTS OF THE 
NUCLEAR DENSITY TRANSDUCER 

Time 
[minute] T[℃] 

ρ gt [kg/m3] (at 15℃) 
1259 1413 1577 1716 

ρ gm [kg/m3] 
005 15 1258 1415 1578 1714 

010 15 1262 1412 1572 1711 

020 15 1261 1408 1581 1713 

030 40 1258 1417 1577 1717 

040 40 1259 1410 1575 1719 

060 40 1257 1412 1576 1716 

 

 
 

FIG. 4.  Self-founded Indoor Grouting Engineering Laboratory. 
 
 

VIII. CONCLUSIONS 
 
(1) The new type nuclear density transducer can  

measure the cement pulverized fuel ash grout density 
dynamically, non-contact and accurately, and it would not be 
affected by the grout state.  

(2) As radiation intension of Cesium-137 will not be 
affected by the complex field conditions, together with 
relative high stability and long half-life period, Cesium-137 
was selected as the radiation source of the nuclear density 
transducer.  

(3) The nuclear density transducer measuring tube with a 
inner diameter of Φ220 can obtain optimum measurement 
accuracy. 

(4) Indoor experiments show that results measured by 
the nuclear density transducer are consistent with the true 
value and the maximum measuring error is no more than 
3‰. 
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