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I. INTRODUCTION 

During the last quarter a vari ety of steel reinforcing bar ( rehar) 

detection schemes were studied so that an op timum sensing device could 

be selected. Itwas found that magnetic techniques were superior to 
infrared, acoustical, and other al terna tiv e approaches. Work �as begun 

on a ma gne tic sensor to meet the specifications of the study. 
In the course of this quarter a particular magnetic sensor was 

selected, designed, constructed, tes ted , and calibrated. Sections II 

through VI report the theory, operat ion , and performance of the sensor. 

Work is now ready to begin on the construction of a prototype 

instrument. Prelimina!'."�' design ronsic.lerations have been made and sum-

marized in S ect ion VI . 

. II. THE SINGLE COIL APPROACH 

For magne tic detection either a single coil or a multiple coil 
approach could be used. A single coil sensor was selected for initial 

work with the possibility of other arrangements being used later. TI1e 

use of a single c oil offers the following advantages: 

1. Simple to wind, 

2. Noncritical mechanical positioning, 

3. Symmetry about the solenoid axis, 

4. Ease of fabrication and modification, 

5. Simple theoretical analysis, and 
6. Sturdy design. 

A two coil approach allows the construction of a balancc:d m:Jg1H�t·i.c 

bridge, witl1 the increased sensitivity of bri<lge measurements. The 

addJUonal sensitivj ty was not thollght to hr� necessnry in the present 

application. 



III. THEORY OF THE SINGLE-COIL DETECTOR 

Assume an inductor of inductance L1 and re sista nc e R1, where the 

resistance includes not only the AC r e sis t a nce of the winding but the 
effect of all other coil losses as well. Figure 1 lists the values 
appropriate to the sensor coil now in use: 
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FIGURE 1 

If a second, short circuited coil be brought nearby so that a 

mutual impedance M exists, the circuit becomes as shown ju Figure 2 witi1 

the input ill'pedance z2 increased as shown: 
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A typical r eba r , considered as a sl10rted, one-turn coil is shown in 
Figure 3 where standard formulae have been applied to find R

2 
and L

2 
for 

the g eometry shown 

__ J 0.5 cm 
and the electrical properties of steel. 
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FIGURE 3 
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With these values an� an assumed couplin� coefficient of 0.01 
-7 (M = 6.29 X 10 H) the percentage change s in the rea l and rea c tive 

components of z2 are found to be: 
% R change 0.38% 
% L change 0.0083%. 

Thus greater sensitivity would be obtained by measuring the change in 

resistance as contrasted to measurement of the change in inductance. 

A series circui t conta ining resistance and i n du c tance can be 
transformed into an equ iva lent parallel combination a t  a g:Lven frequency 

by the use of a ppropriate transformation algebra: 
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Therefore the sensor coil may be tuned with a parallel capacit0r 

and operated at its resonant frequenr.y in the feedback loop of an opera--

tional amplifier: 

i----ll-- c 

����--.rooD�- Lp 

__ [ FIGURE 5 

At its resonant frequency the sensor coiJ. behaves as a resistor of 

value R so that the voltage gain of the amplifier circuit becomes: p 

A 
v 

R p 

and a measureme�t of the amplifier gain corresponds to a measurement of 
the effective paraJ.lel coil resistance R p 
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IV. ELECTRONIC CIRCUITRY 

As was noted earlier, the reinforcement rod has a much more pronounced 
effect on the Q of the coil than on its inductance. For this reason the 

p r e sent circ u i t  was designed to respond primarily to changes in Q. A block 

diagram of the circuit is shown in 1''i gure 6 and the circuit diagram is 

given in Figure 7. 
The hea r t  of the c ircuit is the frequency-d etermining stage. A 1300 

pf capacitor is connected in parallel with the coil to form a parallel 

r e sonant circuit. At resonance, the combination appears to be a pure 

r e s istance with the value of resistance directly related to Q .  The L-C 

cornhination is used in the feedback loop of an operational amplifier. At 

resonance, the phase of the stage is exactly 180° and the gain is some 

maximum value which is a function of Q. Thus, .Q may be measured by 

applying resonant fre quency to this stage and observing th e gain. 

The simp l e s t way to match the applied frequency to the resonant 
frequency of the coil is to build the stage into an oscillator. This is 
the approach used in the present circuit. The oscillator loop consists of 

the frequency-determining stage and th e voltage-controlled amplifier. An 

automatic gain control (AGC) circuit is used to maintain th e loop gain 

at exac tly unity for stable oscillations. 

An output relate d  to Q is conven iently available in the form of the 

AGC voltage. The gain around the oscillator loop must be exactly unity. 

Therefore when the gain of the frequency-determining stage varies with a 

chan ge of Q, the voltage-controlled amplifier must make up the difference. 

Since its gain is a known function of the AGC voltnge , the AGC voltage 

must be related to Q. 
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A non-linear amp l ifi er was added to provide an output voltage wh :L ch is 

approximately linea r in rod distance. It is likely that this sta ge will 
be elimina t ed in the final design, since the conversion could be done 

more accurately and repeatably in software. 
One problem encountered initially was that of electrostatic effects. 

The tuned circuit responded to changes in capacitance as well as inductance, 

and this tended to mask the effect of the rod. The problem was solved by 

electrostatically shielding the coil. However, grounding this shield 

introduced intolerable capacitance in to the tuned circuit. A bootstrap 

technique was used to eliminate the problem. re
l 

maintains the shield 

at the potential of the outer winding of the coil. This has virtually 

eliminated ele=trostatic coupling to the coil. 

The AGC circuit provides a DC voltage which is a func tion of the 

oscillation amplitude. rc
4 

is used in a s imple absolute value circuit, 

and rc
5 

is part of a low pass filter which pass e s only the 0 to 40 Hz 
component of the absolute value circu i t output. Because the AGC circuit 

is p art of a closed loop, the p o s s ibil ity of unwanted oscillations exists. 

For this reason, the low- pass filter may have no more than one pole. 

Thus there is a trade-off between ripple and response speed. This 

compromise was troublesome in the present circuit. However, it is possible 
to reduce the ripple with no loss in the speed of response by using a non
linear circuit to clamp the absolute value circuit output. rc

7 
provides 

a stabl e low-impedance voltage source for clamping diode n3. This 
modification has reduced the ripple to an acceptable level. 

The present ci r cui t is inherently quite stable. The Q of the 

tuned circuit is nominally around 100. The coil is not sensitive to 

vibration and seems to be mechanically stable. It is affected by <lcfornm

tions, but this should nnt be a prob1cm when ultimntely enclosed. 
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All operational amplifiers in the circuit are stabilized with feedback, 

so the characteristics of the circuit depend priLlarily on resistors rather 

than semiconduc t ors. The multiplier tends to in troduce noise, but that 

noise i$ filtered out veryeffectively by the frequency-determining stage. 
Some noise is present in the AGC loop, but the DC component of this noise 

is very low, so it doesn't disturb the o peration of the circuit. 

The stab ility of the circuit depend s heavily on the s tability of 

the multipli er. The present design responds to very small changes in Q 
and thus requires very high stability from the mulUplier. In fact, the 

multiplier does show some temperature dependence, and this is reflected 

in the output. The output may vary 20 or 30 mV with normal variations in 

roo11 temperature. This t e rr;p era tur e dependence may be riinimized in three 

ways: 1) temperature regul a t e the multiplier chip, 2) temperature. 
compensate the multiplier, and 3) use a raore effective coil which requires 

less sensitivity from the circuit. 

V. PERFORMANCE 

The comp l e ted sensor assemb ly of electronics package and sensing coil 

performs well for de te c tion of steel reinforcing bars. The detection 

distance required by the specifications is to detect reba r s at depths up 

to 4 inches whj.le moving horizontally across a bridge deck. Figure 8 
shows the sensor output vs. horizontal dist ci nce between a No. 3 reb ar and 

th e  sensor coil for var ious fixed vertical separations from 1 to 6 inches. 

Maximum sensitivi ty is obtained at minimum rod-to sensor separation, as 

is ex)')ected, while adequate se.nsitivity j_s obtained at 4 inch separation, 

with usable sensitivity available out to 6 inches. With a U-shap�<l 

magnetic core these sensitivities should be improved by the equivalent of 

a 1 lnch separation, since the U-slwpe allows the rcbar to come thnt much 
closer to the magnetic path of the sensor coil. 
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Figure 9 shows the extent to which the sensor discriminates h��ween 

rebar sizes for three selected rod-to-sensor sp ac ings. The larger the 

rebar diameter , the less the appar ent separation. Thus it will be neces
sary to know the rebar diameter in order to interpret depth measurements. 

These measurements do not include the effect of longitudinal bars. 

Their effect is small, but will have to be included in final calibration. 

In the current configuration there are two drift p roblems: first, 
the particular integrated c ircuit mul t iplier used is temp e rature sensitive 

and produc es an error proportional to temperature and se cond , the sensor 

coil is mechanically unprotected and h e nce sensitive to squeezing or 

oth�r deformation. Both problems arise from the pro to type nature of the 

f irs t model and can be refined ouc by more care fully selected circuitry 

and by more careful mechanical construction. Neither is signifi cant 

except- at maximum sensitivity (maximum distance to rebar) . 

It is planned to redesign the sensor coil using U-shaped silicon 

s teel transformer lardna tions to improve the magnetic flux distribution, 

to improve mechanical stab ility , and to improve sensitivity. 

VI. PLANNED WORK 

Sensor. The sensor now in use will be improved through a b et t e r 
selection of multiplier to diminish temperature effects, through the 

redesign of the sensor coil to us e a lamina ted steel magnetic circuit, 

and through the use of an off-the-shelf logarithmic amplifier for gain 

adjustment. The need for these modifications has been established 
earlier and the remedies planned. 
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In s t rume n t . A cha r t  r e c o r d e r , power supp ly , d a t a p r o c e s s o r , a n d  

aux i li a ry c omponen t s will b e  s el e c t e d  f o r  th e c omp l e t e ins t rumen t . The 

ins t r umen t wi l l  be c ons t ruc t e d  and c a l ibra t e d .  A m i c r o p ro c e s s o r  app r o a ch · 

t o d a t a  p r o c e s s in g  h a s  b e en s elec t e d . S e ns o r  c a l ib r a t i o n  curv e s  w i l l  b e  

r e du c e d  t o p o l y nomial exp ansio ns and wr i t ten i n t o  mi c r o p ro c e s s o r  memo ry . 

Data reduction is planned to b e  c ar r i e d out es s entia l l y  in r e al t ime . 

C a l ib ra t io n . C a l ib ra t ion w i l l  b e  c a r r i e d  o u t  wi th a j ig tha t r e

p r o d u c e s  b r id g e  r eb a r  s p a c in g s . The effect o f  l on g i t u d ina l b a r s  w i l l  b e  

examin e d  b o th f o r  th e  c a s e wher e the sens o r  l ies between long i t u d i na l  b a r s  

a n d  f o r  t h a t  i n  wh i ch i t  s t radd l e s a b a r . 




