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In this paper, mathematical theories a r e developed to p r e ­
dict the interactive bond-anchorage behavior of welded wire 
fabric when subject to a pull-out action, simulating the be­
havior of welded w i r e fabric in continuously reinforced con­
crete pavements. The theories a r e predicated on the concepts 
that the bond between the smooth longitudinal w i r e s and the 
concrete i s a function of minute movement between the steel 
and the concrete and that the anchorage of the t ransverse 
wires i s achieved through the restrained f l exura l action of the 
transverse w i r e s . 

A summary of various general experimental techniques 
that other investigators have developed to measure bond is 
a lso presented as a background to the author's method, not 
hitherto used on s m a l l bars , in which e l ec tr i ca l res is tance 
s t r a i n gages a r e embedded in slots inside the bar . Based on 
this method, a description of the experiments on bond-an­
chorage behavior of welded wire fabric in concrete is p r e ­
sented. The tests a r e of a pull-out nature encompassing 
bond-anchorage behavior at f i r s t loading and after repeated 
cyc l i c loading. 

A comparison of the theory and experiments shows general 
agreement. 

# T H E P R E S E N T investigation of bond-anchorage behavior of welded wire fabric in 
concrete had its origin in the study of continuously reinforced concrete pavements. 
In one of the author's previous papers (1) certa in bond assumptions had to be made in 
the theory to predict the amount of c r a c k opening and required wire steel . The only 
information available on this subject was some experimental work performed by 
Anderson (2). Although Anderson's findings a r e of value to the designer, the findings 
a r e lacking in certain needed areas for theoretical and r e s e a r c h use. Through the 
cooperation of T . E . Shelburne of the V i r g i n i a Counci l of Highway Investigation and 
R e s e a r c h and Henry Aaron of the Wire Reinforcement Institute, faci l i t ies were made 
available to determine the basic information needed. 

The f i r s t section of this work is theoretical; where equations a r e derived explaining 
the fundamental nature of the bond and anchorage action of a w ire mesh in the region 
of a c r a c k in a continuously reinforced pavement. The action at a c r a c k is identical 
with pull-out action of a mesh embedded in a concrete s lab , s ince at a c r a c k the entire 
force i s transmitted through the longitudinal w i r e s . Exac t ly how this w ire force is 
transmitted to the surrounding concrete is the essence of the problem at hand. 

T H E O R Y 

F o r convenience of analys is only a single longitudinal w ire is studied, as it is a s ­
sumed that, at a crack , a l l the longitudinal w i r e s act in the same manner. It i s a s ­
sumed that the steel and concrete remain e last ic , that there is no creep effect, that 
the welds between the wires remain unbroken, that the s t r e s s e s and strains in the m a s s 
concrete a r e very s m a l l , and that under certain conditions the adhesive bond between 
the steel and the concrete i s negligibly s m a l l . In connection with the last assumption, 
elaboration is necessary . 
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F i r s t of a l l , bond is considered that restraining force acting like fr ict ional shear 
only in the region of the surface of the longitudinal w ire , as contradistinct to t r a n s -
f lexural anchorage which is the restraint offered by the transverse w i r e s . Although 
the effects a r e interactive, their basic behavior is different. Thus , for c lar i ty of 
under:'landing as we l l as for other pract ica l reasons, it w i l l be init ial ly assumed that 
no bond exists on the longitudinal w i r e s . Once this transf lexural anchorage be lav ior 
is explained, the bond behavior w i l l then be separately analyzed. However, there a r e 
certa in engineering bases for neglecting bond because of its unreliable and uncertain 
natuie. Such things as the presence of grease or dirt on the w i r e s , repeated loads 
causing agitation and erosion of the concrete around the w i r e s , and reduction of w ire 
diameter caused by Poisson's effect a l l tend to reduce bond. Only that form of bond 
created by bearing action (as in deformed bars) i s rel iable in a l l situations. 

F igure 1 is a general plan view of the bar fabric in place in a . racked continuously 
reinforced concrete pavement. F o r information on the values of P i see U ) . 

Figure 2 is a skeleton view of one strand of w ire fabric embedded in concrete with 
a crack formed at the right end. The force P in the w ire is distributed along the 
length of the wire with decreasing value away from the c r a c k . It is assumed that at 
the end of five transverse w ire anchorages, this force Pe is so s m a l l that it may be 
neglected. 

Concrete f^vcm^nf — s CrocA 

ff 

ft 1 ft 1 ft * 

ft 

- J -

3^ 

\ 
Mre Fabrtc 

Figure 1. Plan view of fabric in pavement vith crack. 
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Figure 2. Longitudinal wire forces and transverse wire deflections. 
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The t ransverse w i r e s act as f lexural beams, res tra ined f rom bending by the c o m ­
press ion of the surrounding concrete. (This condition is s i m i l a r to that assumed by 
F r i b e r g (14).) T h i s situation is entirely analogous to the we l l known theory of beams 

on e last ic foundations where the elast ic support modulus i s E (modulus of elast icity 
c 

in compress ion of concrete) and the load is the unbalanced concentrated load a c r o s s 
each joint (3). Interaction effect from adjacent longitudinal w i r e s is negligibly s m a l l . 

Thus the deflection 8, is 

where 

V ^ c 
4 E L 

s t 

and E g is the modulus of e last ic i ty of the steel and I^ i s the moment of inert ia of the 

t ransverse w ire = ^t 
64 

L ikewise : 

However, the longitudinal w ire stretches as it i s subjected to load. F r o m elemen­
tary theory 

P2 L 
6 1 - 6 2 A , E 

1 s 

where A^ is the a r e a of the longitudinal steel 

L i k e w i s e : „ T 
c e _ ̂ 3 L 

64 - 6s 

^ ^ s 

P4 L 
" a T e -

1 s 

Ps L 

1 s 

Assuming P i i s known, there a r e nine unknown quantities P2, Ps, P4, Ps, 6x, 82, 
83, 84, Ss, and nine independent equations in P and 8 as just presented. B y standard 
elimination methods of simultaneous solutions, the following results for P may be ob­
tained. 
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Ps 

Ps - P4 
(<l.) ^* 

where 

= /IP ^ 4 / c 
4^c ^t f ^ 

s 

Y L «(»= 2 Y + 

T o s impl i fy these resul ts i t i s observed that the fract ion of longitudinal w i r e force 
R transmitted a c r o s s each transverse w ire is constant, and w i l l be cal led the transfer 
ratio. 

p _ + 1 ^ y ^''- 2t^ y 

The s imple ratio is accurate to about 3 percent and the other longer expression 

in E q . 1 i s accurate to l e s s than 1 percent. 
Thus it i s seen that the force in the longitudinal w ire progress ive ly diminishes away 

from the c r a c k . 

Example 

L = 10 in . 
E ^ = 3 X 10° ps i 

E ^ = 30 X 10' ps i 
s 

T r a n s v e r s e w ire s ize No. 1 (dt = 0. 283 i n . ) 
Longitudinal w ire s i ze No. 5/0 (dj = 0.431 i n . ) 
P j = 8150 lb (l imit value based on 56 ,000-ps i s t r e s s ) 

Based on the preceding calculations. F igure 3 shows the distribution of force . 
The force in the longitudinal w ire diminishes very rapidly. Should bond exist, the 

longitudinal w i r e force would diminish even more rapidly, and the force in the longi­
tudinal w i r e beyond the third t ransverse wire would essential ly vanish as both Ander ­
son's (2) and the author's tests show. 

Bond 

Since some force in the longitudinal w i r e s is known to exist, s tra ins must also exist . 
The steel must therefore move with respect to the concrete. The order of magnitude 
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Figure 3. Distribution of wire forces. 

of this movement is very s m a l l and cannot eas i ly be measured. T h i s movement may 
be due to actual s l ip or to a thin boundary layer of concrete adjacent to the steel being 
shear strained along with the steel . The latter condition implies true adhesive bond. 
However, either condition is covered by the proposed theory. Osterman (1^) a lso 
found that this working hypothesis was very satisfactory for his studies of bond as used 
in a different application. 

The f i r s t panel adjacent to the c r a c k in Figure 2, i s now assumed to have bond 
forces acting on the longitudinal w i r e . If the displacement of any element in the X 
direction as shown in Figure 4 is defined as u, then the unit surface bond s t re s s i s 

T = K (u + 8 ) 

where K is an empir i ca l constant dependent on such factors as concrete strength, 
roughness of wire , and moisture content of concrete. 

In t erms of the displacement the force in the wire at any position is 

du 
dx 

A , E 
1 s 

which f rom equil ibrium must equal 

P i + K 

X 

TTd^y (U + 6 ) dx 

crack 

1^ 

L-x 

Figure 4. Bond forces on wire element. 
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Thus , the equation i s formed as follows 

du A , E _ = P i 
dx 1 s i + K i r d ^ (u + 8 ) dx (2) 

The solution to E q . 2 which sat is f ies the boundary conditions is in the form of 

u = Q e * ' ' ' - Q (3) 

where a and Q a r e undetermined parameters . By substituting E q . 3 into E q . 2 and 
equating l ike t e r m s , a and Q may be obtained as follows: 

K i r d , 
1 

A T E 
1 s 

Thus the solution to E q . 2 is 

Q = 8 

u = 6 e s - 8 (4) 

With the displacement u known, the force in the w i r e at any position may be obtained 
from the equil ibrium equation below: 

P (x) = P i + K i r d , / ( u + s ) dx 

P ( X ) = Pi' + rr^ + 

'i' + K i r d j j ( u + 8) 

K i r d , 6 K i r d j 8 
a x 

Since 

/

I 
T-irdj dx 

the expression for P (x) may also be expressed in t erms of P i as follows: 

P ( x ) = P x ^ (e*^^ - e " ) 

A typical plot of this equation i s shown in Figure 5. 
'(*) 

where ot= TI.'^*''^ 

(5) 

Figure 5. Wire force variation. Figure 6. Bond force variation. 
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The bond force variation q may also be plotted f rom the equation 

q = K i r d j ( u + 8 ) = K i r d ^ 8 e * ^ (6) 

as shown in Figure 6. 
Both the wire force and bond force have the same general exponential shape. E x ­

perimental evidence to be cited later w i l l show that this theory does agree with exper i ­
ments. 

E X P E R I M E N T A L M E T H O D S F O R M E A S U R I N G BOND 

A survey of existing l i terature on the subject of experimental methods for measuring 
the actual bond s t r e s s and its variation on plain and deformed bars reveals nine different 
techniques used by previous investigators. These nine methods w i l l be discussed br ie f ­
ly here as background to the author's method. T h i s survey and discussion of techniques 
may also be of benefit to other investigators faced with instrumenting for bond measure ­
ments. 

Two s imple methods (4) use extensometers to measure the s trains in the steel at 
intervals . The steel bar may be made access ib le for measurement in either of two 
ways . One method i s to leave a c c e s s holes in the concrete to the s tee l . The disadvan­
tage here is that these holes may create s t r e s s i rregular i t ies as we l l as reduce the 
bond a r e a . A l s o the gage length cannot pract ical ly be less than about 2 i n . , thereby 
resulting in loss of accuracy . Furthermore , if the concrete layer is thick, various 
extensions or levers must be attached to the extensometers to extend to the b a r s . The 
second alternative is to weld stubs on at intervals along the steel bar, protruding 
through a c c e s s holes to the surface of the concrete. Here again the acces s holes must 
be careful ly preformed such that the stubs w i l l at a l l t imes be free of contact. Again 
accuracy is lost in that the stubs physical ly cannot be too close together. L o s s of bond 
a r e a and s t r e s s concentrations also play a detrimental role . 

In another direction, much has been done with e l ec tr i ca l res i s tance s tra in gages 
such as the S R - 4 type. There a r e four techniques in this category. The f i r s t attempts 
were made by merely bonding the gages to the surface of the bar . Waterproofing and 
shielding of leads a r e important in this technique. Anderson (2) and McHenry and 
Walker (5) used this method. Some disadvantages of this method are : much bond a r e a 
is lost (especially by the waterproofing application), wedging action of the protruding 
gage and the concrete takes place, and waterproofing is difficult. 

T o overcome some of these objections. Mains (6) split a reinforcing bar for its en­
t ire length and mil led a s m a l l groove along the axis of the bar on the inner face. After 
attaching and waterproofing S R - 4 gages on this inner slot, the two halves of the bar 
were spot welded back together. The leads of the gages a l l extended out the ends of 
the bar and no bond a r e a was lost due to instrumentation. However, even this method 
is not without some drawbacks. Of course the major objection is in the trouble and 
expense of splitting and mil l ing such bars; but in addition, such a hollow bar cannot be 
loaded to the same fai lure force as a normal bar, which means that information at 
normal fai lure loads cannot be obtained. 

Bernander (7), using large diameter bars , inserted e l ec tr i ca l res is tance s tra in 
gages in preformed narrow slots along the bar . The slots extended only part way 
through the bars , and the gages were cemented to one side of these slots along the 
diameter l ine. The slots were f i l led with r e s i n for moisture proofing. These slots 
were easy to form and waterproof and little bond a r e a was lost. However, because 
the slots did not extend completely through the bar some bending or eccentric s t r e s s e s 
were caused in the bar , even where direct tension was exerted at the ends. 

Janney (8), using S R - 4 gages, obtained bond information on very s m a l l diameter 
w ire by a c lever indirect method. The w i r e s to be studied were cast in concrete 
p r i s m s , with the ends of the w i r e s extending beyond the p r i s m s . S R - 4 gages were then 
cemented to the exterior surface of the concrete along the ax is of the p r i s m in the 
direction of the w i r e . When the ends of the w ire were pulled, the variation of the con­
crete s tra ins could be measured and related to the w ire s t ra ins . C e r t a i n weaknesses 
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a r e inherent in this method, such as the shear lag between the w ire s tra ins and the 
concrete surface s tra ins , possible concrete cracking and the difficulty of relating 
non-linear concrete s tra ins to steel s t r e s s e s . However, for s m a l l diameter w i r e s , 
no gaging could be attached to the w ire itself, and so this method was used. 

X - R a y techniques have been used in England to obtain bond s t r e s s e s . Evans and 
Robinson (9) embed thin s tr ips of platinum or lead in slots in the steel and X - R a y 
photograph the concrete and encased steel bars as load is applied to the steel . Images 
cast by the m a r k e r s are thus recorded on f i lm without disturbing the steel or con­
crete . By use of microscopes these f i lmed images may be studied and information 
on s tra ins , s t r e s s e s and bond may thus be obtained. 

At the State Institute for Technica l R e s e a r c h in Hels inki , a unique method was 
used for bond study (10). The steel s t r e s s e s in the concrete were obtained without 
physical ly disturbing the s tee l or concrete in any way by a magneto-strictive method. 
T h i s method is based on the principle that an alternating current passing through a 
steel bar creates a magnetic f ield, perpendicular to the longitudinal axis of the bar , 
which in conjunction with the res i s tance determines the e l ec tr i ca l impedance of the 
steel . If the bar is subjected to tension while a constant current is applied, the i m ­
pedance w i l l be altered by magneto-striction. If the relation between the change in 
impedance and the s t r e s s in the steel i s known (by pre-cal ibrat ion) , the average s t r e s s 
over a s m a l l given distance can be determined by measuring the voltage difference 
over this distance. Thus , in this way the bond variation may be obtained. The techni­
que is not yet fully perfected as shrinkage, moisture and c r a c k s influence the resu l t s . 

F inal ly , to emphasize the variety of techniques used for bond studies, a ninth me­
thod of photoelasticity is mentioned. Beyer and Salakian (11.) used a metal w ire molded 
in photoelastic bakelite to determine bond s t r e s s e s between the w ire and the model, 
simulating reinforcing steel in concrete. 

The method that served best for this part icular study of bond of w i r e mesh was a 
variation of Bernander's method, in which the slot was extended a l l the way through 
the bar to eliminate the undesirable effects of unsymmetrical straining. Figure 7 
shows how the slots were made and how the s m a l l S R - 4 gages were attached. Minimum 
bond a r e a was lost and success fu l waterproofing was eas i ly accomplished by f i l l ing 
the slots with melted Petrosene wax. Extended water immers ion tests showed that 
this method was quite sat isfactory for the purpose intended. However, due to the 
removal of metal , the slotted wires had to be precal ibrated to determine the relation 

£/ecfrtco/ « /eocfs 

Tajoe anc/ p/asf/c f-tt6e s/tfe/cf 

0.43/ "or 
0.500 ' 

Mre 

SK-4 goge g/ued to one side ofs/of 
at center pos/f/on 

Figure 7. Attachment of gage to wire. 
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of the s t r e s s at the gage to the s t r e s s in the normal unslotted w ire , 
proved to be l inear up to the yie ld s t r e s s of 62, 000 ps i . 

T h i s relation 

T E S T S 

To determine the actual bond s t r e s s and its variation in welded wire mesh embedded 
in concrete, s e v e r a l tests were performed. Two mesh configurations were studie^. 
These a r e shown in Figure 8. 

Mesh A was embedded at mid-depth in a panel of concrete 16 in. by 4 in . by 42 in . 
and mesh B was embedded in a panel of concrete 16 in. by 4 in . by 62 in. Figure 9 
shows these wire meshes in the forms prior to pouring. Note that only the center longi­
tudinal w i r e s a r e extended on which the pull out force i s applied. F igure 8 a lso shows 
the locations of the S R - 4 gages as positioned along the center longitudinal w i r e s . At 
the time of pouring, test cyl inders were made in order to obtain the concrete propert ies . 
The eye bolts shown a r e s imply for the purpose of handling. After curing and hardening 
of the concrete for four weeks, the test panels were placed in a Universa l Test ing M a ­
chine and loaded ( F i g . 10). 

The center w i r e free ly passed through the lower head and was gripped by the upper 
tension head. A bearing plate was provided to prevent crushing of the concrete. By 
this arrangement, a pull-out action was achieved. 

Strain readings at each of the gage points were taken only at the f i r s t loading cycle 
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figure 8. Test meshes. 
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and at the 60th loading cycle . C y c l i c readings did not go beyond 60 cycles as the Uni ­
v e r s a l Testing Machine used is awkward and time consuming to cycle . A s the results 
of cyc l i c loading are of most importance, these results are plotted in Figures 11 and 
12 for the A and B panels respectively based on an average center wire force of 1, 000 
lb. It is perhaps wel l to note that total loads on the wires were imposed to the extent 
of 80 percent of the yield s t re s s load at the slot. At the range of load imposed, there 

Figure 9. Test panels t e f o r e poiorlng concrete. 

did not seem to be any part icular devia­
tion from the same variation of wire 
force . 

C O M P A R I S O N O F T H E O R Y 
AND T E S T S 

The shape of the wire force curves 
between transverse wires compares wel l 
with the theory. That i s , theoretical 
curves in Figures 5 and 6 correspond to 
experimental curves in Figures 11 and 
12 between transverse w i r e s . In addi­
tion, experimental curves found by Mains 
(6) in his Figure 7a of the pull-out force 
variation in a hooked plain bar also show 
good agreement with the theoretical c u r ­
ves . The anchorage action of a single 
hook is much the same as the t r a n s ­
f lexural anchorage of transverse wires as 
some movement also occurs at the anchor­
age such that the bar force and bond force 
do not vanish in this region. 

Based on E q . 5 and the data in the 
curves of Figures 11 and 12, the empi­
r i c a l bond value of K was determined as 
49. 8 x 10^ lb per sq in. wire surface per 
in. s l ip . This value of K looks as tro ­
nomically large, but the so-ca l led s l ip 
is in the order of magnitude of less than 
one thousandth of an inch. Should large 
s l ips occur, entirely different bond-fr ic- Figure 10. Panel i n t e s t i n g machine. 
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tion action would take place, invalidating the theory. Bond behavior becomes v e r y 
i rregu lar at large s l ip values as pointed out by Mains (6) and Mylrea (13). 

F igures 11 and 12 show that no w ire and bond forces exist beyond the second t r a n s ­
verse w i r e . If such forces did exist, the s tra in gage readings were so s m a l l that they 
did not reg is ter . T h i s information seems to ver i fy Anderson's (2) observations on his 
own static tests that only the f i r s t two t ransverse w i r e s a r e effective, even up to rup­
ture of the steel . However, the ful l effects of cycl ing of s t r e s s many thousand t imes 
was not demonstrated in any of the tests , and the results should perhaps be viewed with 
this in mind. Such things as fatigue and agitation of the concrete in the region of the 
s tee l may we l l play an influential role in bond behavior under actual s e r v i c e conditions. 
It was noticed in these tests that the bond value of K was reduced f rom the f i r s t loading 
cycle to the 60th cycle , indicating a general trend in that direction. Future work using 
a spec ia l fatigue apparatus is thought to be necessary in this connection. 

The computed values of the transfer rat io R of the w i r e force a c r o s s the f i r s t t r a n s ­
verse w ire show agreement with theory regarding the effects of t ransverse wire s i ze 

and spacing. Smal ler values of ^ mean less longitudinal w ire stretching, and thin 

transverse w i r e s mean less transf lexural anchorage; resulting in more force being 
transmitted a c r o s s the anchor points ( larger values of R ) . Panel A has both a s m a l l e r 

^ ratio and s m a l l e r t ransverse w ire s ize than panel B , resulting in a higher value 
^1 
of R ( F i g s . 11 and 12). 
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The theoretical value for the transfer ratio R for panels where both bond and t r a n s -
f lexural anchorage exist may be obtained from the theory given at the beginning of this 
report. To do this, E q . 5 is written for the f i r s t two spaces from the end as 

K-ird 61 „T 
p ; = p , 1 e 

and 
K i r d , 82 - T 

Two transf lexural beam equations are also needed, written as 

and 

2 E ^ 

2 E 

In addition, a f inal equation of distortion, E q . 4 for the second space is written as 

81 = 8 2 e * ' ^ 

By solving these five equations simultaneously, the transfer ratio R for the combined 
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case of bond and anchorage is obtained as 

R = N 
N + 2 a E e a L 

c 

in which ^ 
N = 2 a E + K i r d , Be 

c 1 

Using E q , 7, R is 0.48 for panel A and 0.46 for panel B . The difference i s in the 
correc t direction but higher than experimental values indicate. The explanation for 
this probably l ies in the adhesion of the transverse w i r e s , which effect i s not cons ider­
ed in the theory. Adhesion of the transverse w i r e s would tend to reduce the transfer 
ratio. 

C O N C L U S I O N S 

The technique of using slotted holes employed in this set of tests seems to incor­
porate many advantages of s implic i ty , ease of fabricating, east of waterproofing, con­
venience when tested with standard equipment and good accuracy . Severa l disadvan­
tages should also be noted. The slots must be mil led exactly and the gages set exact­
ly, otherwise the calibration of the s t r e s s concentration factor i s difficult and u n r e l i ­
able. Special care must also be taken in bonding the gage to the w i r e under p r e s s u r e . 
T h i s i s a little awkward in so narrow a slot (% in . wide). An occasional gage in this 
set of tests did act errat i ca l ly , due to poor adhesion of the gage. A f inal objection is 
that the force exerted on the w ire had to be l imited to about 60 percent of the rupture 
force on the normal bar to prevent yielding at the slot. T h i s prevented the study of 
bond at normal rupture loads. 

The theory and experiment showed good general agreement. This gives strong 
evidence to support the contention that bond of plain w i r e s or welded wire fabric is a 
direct function of shear "slip" (at s m a l l values of s l ip) and that anchorage is p r i m a r i l y 
due to the restrained bending of the transverse w i r e s . The theory and tests show that 
two distinct actions take place between the steel and the concrete to disperse the load 
in the longitudinal w i r e s . The shearing boundary layer action between the longitudinal 
steel and the concrete is the one action cal led bond, and the res tra ined bending action 
of the t ransverse w i r e i s the other action cal led transf lexural anchorage. The theory 
developed shows the distinction and the relation between these two actions. 

Fur ther r e s e a r c h i s s t i l l neces sary to study bond under repeated loads of many 
thousand cycles to determine the extent that bond action breaks down. 
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Discussion 
J . L . W A L I N G , School of C i v i l Engineering, Purdue Univers i ty — Profe s sor Zuk has 
undertaken an analys is of the distribution of the forces of anchorage of welded wire 
fabric in concrete. He is to be commended for attempting a solution to this difficult 
problem, complicated as it is by the uncertainty of the validity of the s e v e r a l as sump­
tions which must be made in the theoretical ana lys i s . The w r i t e r ' s questions and d i s ­
cussion w i l l pertain p r i m a r i l y to these assumptions and w i l l be considered not in the 
order of importance taut in the order in which the mater ia l i s presented in the paper by 
Pro fe s sor Zuk. 

The author states that "The action at a crack is identical with pull-out action of a 
mesh embedded in a concrete slab, s ince at a c r a c k the entire force is transmitted 
through the longitudinal w i r e s . " T h i s should be questioned since forces large enough 
to initiate a crack could also break the bond between the longitudinal w i r e s of the fab­
r i c and concrete. Thus , the bond res is tance available in the two cases may not be 
identical. 

In stating the analogy of the action of the t ransverse w ire to that of a beam on an 
elast ic foundation, the author states that " . . .the elast ic support modulus is E " 

c 
In the theory of beams on elast ic foundations, the support modulus (usually denoted by 
K ) i s a measure of the support res i s tance in force per unit length of beam per unit de­
flection of the beam. It can be shown that 

^ = ^ c a 
in which 

w = effective width of the beam support, and 
d = effective depth of compressed supporting mater ia l . 

It i s not c l e a r to the w r i t e r that the ratio w / d can be taken as unity. Nor is it c l e a r 
that this ratio can be rel iably approximated by theory alone. 

The author stated the equation for unit surface bond s t r e s s as T = K (u + 8 ) . How­
ever, if he means that T = K t imes the movement of the longitudinal w ire relative to the 
adjacent concrete, then the expression should be T = K U , for the adjacent concrete is 
compressed by the t ransverse w ire an amount equal to 5 , at least in a region near 
X = o. Near x = L the relationship of u to the bond shearing s tra in seems undetermined, 
s ince the author appears not to have considered concrete deformations near the c r a c k . 

If one assumes that the author is correct in the statement that T = K (u + S ) then the 

solution stated a s E q . 4 sat i s f ies E q . 2 only if Vl = K i r d j | . T h i s seems to have e s ­
caped the attention of the author during the process of equating l ike terms after the 
substitution of E q . 3 into E q . 2. 
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If on the other hand one assumes that T = Ku, which would appear to be closer to 
reality over a greater length of the longitudinal wire, one can derive the foUowii^: 

Pi' ae'̂ '' 
Kirdj 

P(x) = Pi' e*'' 

and , „^ 
q = pI ae'̂ '' 

where 

E 
s 

Thus, it is seen that this assumption also yields exponential variations in wire force 
and bond force. It would be interesting to see a trial analysis of the experimental 
data made on the basis of these equations. 

The method of attaching the SR-4 strain gages to the fabric wires warrants some 
additional attention. In test panel A, at the location of each gage, approximately 19 
percent of the bond area and about 36 percent of the tensile area were lost. In test 
panel B the corresponding losses were about 16 and 31 percent, respectively. Thus 
the mechanical relationships governed by the area and perimeter of the longitudinal 
wires were somewhat distrubed in the length of the strain gage slots, even if the stress 
concentrations caused by the slots could be ignored. This is not to criticize the author 
for the use of the method, since no other method is accepted as appreciably better 
for the purpose. 

The loads applied to the test panels (Figs. 11 and 12) seem unusually low. At the 
free end of the protruding wire at each panel a maximum load of 1, 000 lb is indicated. 
This gives a maximum tensile stress of about 6, 900 psi on the gross wire area in 
test panel A and about 5,100 psi in test panel B. Likewise, the corresponding maxi­
mum bond forces shown would give bond stresses of about 75 psi and 55 psi in the 
same panels, respectively. Because both of these stresses decrease rapidly along 
the wire toward the first gage slot in the concrete, it is difficult to imagine that stres­
ses in magnitude of 80 percent of the yield strength of the wires were developed at a 
slot. This would indicate an extremely large stress concentration factor at a slot. 
In any case, the stresses imposed on gross areas of the wires in the experiments were 
quite small compared to stresses known to develop in continuously reinforced concrete 
pavement reinforcement. There is much evidence to indicate that maximum stresses 
which normally develop at cracks in such pavements cause bond slippage along the 
longitudinal wires of welded wire fabric, thus transferring the anchorage to the first 
transverse wire and longitudinal bond and transverse wires beyond. 

By all means, the author should be encouraged in his commendable efforts to ana­
lyze the many difficult problems involved in the rational design of continuously rein­
forced pavements. He has made notable contributions to the present state of know­
ledge of these structural elements. 

WILLIAM ZUK, Closure — The discussion of Professor Waling is very much appre­
ciated. In particular, his refinement of the elastic support modulus and opinions on 
the shear slip are of interest. Perhaps the real fact of slip lies somewhere between 
the expression T = K (u + 6) and T = K U . Instrumentation much more precise than that 
used in this study is necessary to confirm this. 

The oversight error in Eq. 3 is also appreciated. The correct expression for Eq. 
3 should have been u = Qie'"' - Q2 , resulting in Eq, 4 as 

Kird^ 
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P(x) would then be Pi e" e" and "q" would be Pi ae*" 

The equations thus correspond to Professor Waling's. It should also be mentioned 
that the correction of Eqs. 3 through 6 also change the equations on "Comparison of 
Theory and Tests." R is revised to read 

Kird^ pe"*^ 

2aE^ + Kirdj Pe *^ 
Perhaps as a result of simplification, there seems to be a misunderstanding in re­

gard to the test load applied on the longitudinal wires. The actual peak loads imposed 
were of about 4 kips and 6 kips on panels A and B respectively. However, in plotting 
the curves (11) and (12) a unit value of 1 kip was used for comparison purposes. It 
is fully realized that at higher loads, more severe slipping would take place and a sim­
ple exponential expression for bond would no longer be true. 




