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A program of tests concerning creep, shrinkage, and temperature 
movements in highway bridges is being conducted by the Bridges 
Section of the Design Di vision of the Road Research Laboratory. 
This paper describes the interpretation of the readings from 
acoustic strain gauges in fresh concrete, up to the time the heat 
of hydration is dissipated. Characteristics of the vibrating-wire 
gauge are described, together with the results of two laboratory 
experiments and three full-scale site investigations. The results 
show that usually expansions take place during the hydration of 
typical bridge concretes as used in the United Kingdom; these 
were manufactured from normal portland cement having water/ 
cement ratios in the range 0. 38 to 0. 40. 

Also discussed are the strain changes that occur on cooling 
during the dissipation of the heat of hydration in full-scale struc
tures and cracking caused by differential strains on cooling. The ef
fect of using a limestone aggregate having a low coefficient of ex
pansion is shown; and it is demonstrated that cooling after hydra
tion produces a self-straining set of forces within the concrete, 
the reinforcement being in tension to approximately 3, 500 psi 
while the concrete is in compression. 

eVIBRATING-WIRE strain gauges have been used extensively in investigations into 
creep, shrinkage, and temperature movements in concrete bridge structures. This 
paper is concerned with.the interpretation of the readings from acoustic gauges in 
fresh concrete, up to the time the heat of hydration has dissipated. The work is nec
essary to establish a true zero for the gauge readings, i.e., the time from which 
readings taken to obtain an estimate of creep and shrinkage became meaningful. The 
work has also shed further J.ight on the cause of early shrinkage cracking. 

VIBRATING-WIRE STRAIN GAUGE 

General 

The vibrating-wire strain gauge has been developed in several European countries 
for measuring strains in structures, as a su'rface gauge for both steel and concrete 
structures, and as a buried gauge for concrete structures. Its main advantage, com
pared with other strain gauges, is its stability over long periods of time, which makes 
it ideal for measuring creep and shrinkage movements in concrete bridges. The gauge 
and readout equipment are commercially available in Europe (1, 2). 

Essentially, the gauge consists of a wire stretched between-two anchorage points. 
A change in the distance between the anchorage points, caused by strains in the struc
ture, changes the natural frequency of vibration of the wire. An electromagnet at the 
center plucks the wire and transmits the frequency to a comparator. This instrument 
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compares the frequency with a standard frequency (e.g. , from a tuning fork or quartz 
crystal) and indicates either the frequency of vibration, or the time required to com
plete a given number of cycles, i.e., the inverse of the frequency. Strain in the wire 
is given by 

where f = frequency of vibration. The constant K is known as the gauge factor and is 
given approximately by 

where 
1 
/J 
E 
g 

length of vibrating wire, 
density of wire, 

K 

modulus of electicity of wire, and 
acceleration due to gravity. 

412p 
Eg 

In practice, K is normally determined experimentally, mainly because the vibrating 
length of the wire may not be the same as the effective length of the strained concrete 
between the flanges. When used to measure strains in a structure: 

£ = movement per unit length in structure caused by loading, shrinkage, or other 
effect 
K (fl2 - f/) 

where f1 == frequency of vibration of wire in cycles per sec at time zero; and f
2 

= 
frequency of vibration of wire after application of load, shrinkage, or other effect. 

RRL Buried Gauge 

Description-In the current program of tests on concrete bridges, gauges of the 
RRL type have been used (3). They were developed initially with a ¼-in. diameter 
"perspex" (a transparent acrylic plastic) tube for low stiffness in measuring tensile 
strains in concrete (Fig. 1). Subsequently, for work on pres tressed bridges a ¼-in. 
stainless steel tube 0. 010 in. thick has been used, principally to make the gauge less 
liable to damage; otherwise the gauge is identical to that shown. For both types of 

Figure 1. RRL acoustic strain gauge with trans
parent acrylic plastic barrel. Figure 2. RRL creep rig. 



I J 

Figure 3. Demec gauge in use for the measure
ment of surface strain on a concrete specimen, 
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gauge the tubes are rigidly connected to 
the end flanges so that in straining the 
wire the tubes must also be strained. A 
silver-plated 0. 010-in. diameter piano 
wire is used as the vibrating wire and the 
gauge length is 5½ in. The wire may be 
heat-treated to avoid creep at elevated 
temperatures (4); but creep at normal at
mospheric temperatures is small, pro
vided that the gauge is tensioned a few 
days prior to insertion in the structure. 

Gauge Factor-The gauge factor for 
the RRL gauge has been determined by 
embedding gauges at the center of stand
ard concrete specimens 20 by 4 by 4 in. , 
which are loaded axially in creep rigs 
(Fig. 2). The mean strain, as recorded 
by a 12-in. or 8-in. "demec" gauge (de
mountable mechanical gauge, Fig. 3) on 
opposite sides of the prism, is compared 
with the change of frequency recorded by 
the acoustic gauge at the center. Experi
ments have been carried out using several 
batches of specimens, and the mean value 
of K for gauges having both plastic and 
steel tubes has been found to be 3. 0 x 
10-9

, i.e., E" = 3.0 x 10-9 (f~ - ~) in./ in. 
The scatter of the gauge factor for in

dividual gauges is difficult to determine 
by this method because errors in the demec 

gauge readings are included in the observations, and this instrument, which is hand
held, is susceptible to operator error. From the viewpoint of carrying out the meas
urements, the least sensitive of the portable equipment used for measuring the fre
quency of vibration is capable of resolving to within± 3 x 10-5 in./in. in the range 
1,000 to 600 cycles per sec. However, when using a variety of equipment for the same 
test, it is desirable to check their comparative accuracy by using a standard reference 
tuning fork because temperature changes can cause a small drift of the built-in refer
ence units. 

Coefficient of Expansion for Vibrating Wire-The value for the coefficient of expan
sion of 0. 010 - in. thick silver-plated piano wire is 12. 0 (±0. 5) x 10- 6 per deg C. This 
is an important characteristic of the gauge, since it roughly corresponds with the co
efficient of expansion of gravel and quartzite aggregate concretes (6) that form a large 
proportion of the concretes manufactured in the United Kingdom, and also to the meas
ured values of coefficient of expansion of bridges in Southern England (7, 8). Thus 
temperature changes cause the wire to expand with the concrete and, in general, only 
elastic strains, creep, and shrinkage are recorded by the gauge. 

LABORATORY INVESTIGATIONS 

Characteristics of Various Types of Acoustic Gauge When Embedded 
In Fresh Concrete 

Gauges of three different types were embedded in a block of concrete 10 by 10 qy 9 
in. (Figs. 4 and 5) and readings were taken immediately after casting, initially athourly 
intervals and later at less frequent intervals. 

The block was insulated on its sides by 1-in. thick sheets of expanded polystyrene, 
to simulate the thermal conditions found in a large concrete element during hydration 
of the cement. 
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Figure 4. Details of concrete block. 

Description of Installation
The three different types of gauges 
were (a) RRL gauge with steel 
barrel, (b) RRL gauge with plas
tic barrel, and (c) BRS gauge (9). 
The BRS gauge was developed by 
the Building Research Station, 
United Kingdom, and has an iden
tical vibrating-wire element to 
the RRL gauge. However, apillar 
is used as an end anchorage in
stead of a circular flange, with a 
different clamping method for the 
wire; a brass tube is employed. 

Two RRL steel, two BRS, and 
three plastic RRL gauges were 
used; three of the latter were pro
vided to allow for the possibility 
of one gauge being damaged dur
ing vibration of the concrete, the 
plastic tubes being more vulner-
able to damage than the metal 
ones. Six thermocouples were 
also buried at the outer gauge 

positions in order to measure temperatures during setting. In addition, two 20 by 4 
by 4-in. control specimens were cast in cast-iron molds that were not insulated. One 
of the molds was lined at the bottom and sides with ¼-in. thick corrugated cardboard 
to allow for free expansion of the concrete. Two RRL steel-barreled gauges were 
cast into each of the control specimens along the longitudinal axis of the specimens, 
together with thermocouples. 

Concrete Mix-A mix similar to that employed for prestressed concrete of the river 
spans of the Medway Bridge (10) was used, but without plasticizer, i.e.: 

1. 1 part normal portland cement, 
2. 1 part flint-gravel sand, 
I) n CO ..... .-.vo+- 3 / . _ 3/ _;....,. .n;....,.4-_,,.'t'l.,nnl ruy,rr,.orrl"l+-o 
'-'• v. VU pa..&.1. /lH - /H .1. .1.1 .• .1..1..1. .u.i., - &•~•'--.1. "'E,E,..,'-'E,"""'"'' 

4. 2. 32 part 3/a - ¾-in. flint-gravel aggregate, and 
5. 0. 4 water-cement ratio. 

The mold was vibrated on a vibrating table. 
Results-The graphs summarize the recorded strains and temperatures in the block 

(Fig. 6) and strains in the control specimens (Fig. 7). In the block, the temperature 
was found to be almost uniform in the 
region of the gauges and is plotted in the 
top curve (Fig. 6). A temperature rise of 
22 C from the ambient laboratory tern -
perature of approximately 15 to 37 C is 
indicated over the first 20 hours, followed 
by a gradual fall over the next four days. 
On the other hand, the temperature of the 
control specimens remained almost con
stant at the ambient laboratory tempera
ture of 15 C. 

All the strain gauges recorded an ex
pansion during the temperature rise, but 
of differing amounts. In the block, the 
range of expansion ur to 20 hours was 
from about 171 x 10- in./ in. in one of 

Figure 5. Data logger, insulated block, and de
molded control specimens. 
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Figure 6. Movement and temperature in concrete block. 

the plastic gauges at the top of the group to 62 x 10-e in./in. in a steel-barreled 
gauge at the bottom (Table 1). 

In the control specimens the peak of expansion occurred at about 40 hours and the 
ranie wa$ from 168 x 10-0 in./in. in one of the gauges in the lined specimen to 106 x 
10- in./in. in t he s ame s pecimen (Table 2). 

In the block, the plastic-barreled gauges showed the greatest increase, while the 
steel- and brass-barreled gauges were grouped roughly together. In addition, the 
plastic and steel gauges showed greater expansion at the top of the block than at the 
bottom. 

00.---.-----,--.----.-----,---..-----.-----,---..-----.-----,---...-----, 
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Figure 7. Movement in 20 by 4 by 4-in. control specimens. 
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TABLE I TABLE 2 

GAUGE TESTS GAUGE TESTS 

RRL Gauges Steel-Barreled RRL Gauges 
BRS Gauges 

Time Plastic-Barreled Steel-Barreled Time Cardboard Surround Plain Mold 
1• 2• 

3• 7• 4• 5• 6• o· 9• 10• 11• 

Expansion 20 Expansion 40 
hr after casting 171 134 117 89 62 79 82 hr after casting 106 168 Ill 122 

Arbitrary ze r o Arbitrary zero 
at 20 hr 0 0 0 0 0 0 at 40 hr 0 0 0 0 

120 hr -22 -18 -22 -21 -23 -25 -22 120 hr, specimen 

28 days -45 -35 -40 -42 -46 -30 -39 
in mold -6 0 -5 -16 

5 months -111 -99 -100 -97 -119 - 119 -109 28 days, 
specimen 

*Gauge No.-3, 5, 1, top; 7, middle; and 4, 6, 2, bottom demolded -111 -118 -95 - 116 

NOTE, Shrinkage (in ./in. X 10....6) used where applicable . 5 months -246 -264 -234 - 190 

*Gauge Na. 

After the maximum temperature had been reached in this block, the strain readings 
dropped by an amount which is approximately the same for all the gauges (Table 1); 
the block was not demolded. This was also approximately true for the control speci
mens (Table 2). The readings are greater than those for the block because of the 
greater size of the block cross section and because the small specimens were 
demolded. 

Discussion-During hydration, an expansion was indicated by all gauges, both in the 
block and in the control specimens, but by differing amounts. Since there was a neg
ligible temperature rise in the control specimens, it can be concluded that the expan
sion was the result of volume change during setting but not directly the result of tem
perature rise. The phenomenon of expansion in setting has been recorded by other 
workers (4, 11, 12). Browne and McCurrich (4) established that the amount of move
ment indicated bya gauge depends on its stiffness in resisting the movement of the 
concrete. This was expressed as a "response factor," i.e., the force per unit area 
to produce unit strain in the gauge. While the plastic gauge has the lowest r esponse 
factor, it also has a high coefficient of expansion (80 x 10- 0 per deg C), so that when 
a temperature rise occurs the expansion of the gauge assists the movement and pos
sibly exaggerates the readings. One question that arises in this particular instance is 
whether the expansion in the plane of the plastic gauges, i.e., in a vertical plane at 
the center of the block, is greater than the expansion nearer the edges in the plane of 
the other gauges. The next experiment described indicates that this is not likely. 

The amount of expansion also appears to depend on the stiffness of the mold or on 
pressures within the concrete, greater movements occurring near the top of the wooden 

mold used for the block. It is surprising 
that the cast-iron mold used for the un
lined control specimen moved at all, but 
because the total expansion for 171 micro-

Figure 8. River Aire Bridge-south cantilever. 

strain on 20 in. is only about 0. 003 in. , 
presumably this amount of movement could 
be found at the end fittings. 

Results from the block show that once 
the concrete has set, its stiffness is so 
great that the effect of different types of 
gauge barrel is negligible. Thus subse
quent shrinkage readings are the same for 
all three types. It is apparent that the 
maximum volume condition of concrete is 
reached when the temperature of hydration 
is at its peak. Thereafter the concrete 
shrinks through moisture loss and also 



Figure 9. Mold for simulated-deck experiment, 
River Aire Bridge. 
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contracts due to the thermal drop. Where 
the coefficient of expanison of the con
cretes is different, this has to be allowe d 
for in calculations of shrinkage. 

Experiment to Determine Behavior of 
Deck Sections of River Aire Bridge 
hnmediately After Casting 

The River Aire Bridge at Ferrybridge, 
Yorkshire, was completed by the West 
Riding of Yorkshire in 1967 (Fig. 8). It 
is of double cantilever construction with 
a 280-ft main span between piers and was 
built by the cantilever method of construc
tion to a central shear hinge in the manner 
of many European bridges. A computer 
program was used to control the construc-
tion levels to allow for deflections arising 
from creep and shrinkage over 10 years. 
The following experiment was carried out 

in 1965 to determine the initial state of stress of the reinforcement immediately after 
casting because, at the time, it was felt that this might contribute to the strain be
havior of the structure. This supposition arose because of an anomaly in the results 
from the Medway Bridge investigation (13) when an explanation was sought for the fact 
that the total creep, shrinkage, and elastic strain in the bottom slab, which was loaded 
to 600 psi, was found to be little greater than the shrinkage of 28 by 6 by 6-in. control 
specimens that were housed within the box girders of the bridge and waterproofed to 
give approximately the same surface area/volume ratio. 

Description of Experiment-A section representative of the deck slab of the River 
Aire Bridg•e, 13% in. wide by 12 in. deep by 5 ft 6 in. long (Fig. 9), was cast, the 
width being equal to the spacing between the %-in. diameter high-tensile indented re
inforcing bars in the top and bottom mats of the slab, two of which were included, while 
the depth was the actual slab depth on the bridge. The length was thought sufficient to 
give bond on the reinforcing bar, and thermal continuity in the bridge slab was simulated 
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Figure 10, Cross section showing gauge positions, River Aire Bridge experiment. 
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by a 4-in. thick expanded polystyrene 
lining to the walls of the mold, which was 
covered in a layer of polythene. 

The disposition of the vibrating-wire 
gauges is shown in the cross section (Fig. 
10), the gauges being near to the center of 
the length of the specimen but staggered 
along the length where necessary. A 

Figure 11. Reinforcement acoustic gauge. dozen perspex-barreled gauges were used, 
two of which failed to operate aiter the 
vibration of the concrete. In addition, a 
Maihak surface vibrating-wire gauge was 

fitted on one side of each reinforcing bar; these were contained in small hardboard 
boxes surrounding the bar to prevent the ingress of the wet concrete. Also an experi
mental type of vibrating-wire gauge (Fig. 11) known as a tubular or "reinforcement" 
gauge was cast into the center of the block. This gauge was developed at the Labora
tory in order to obtain an estimate of t he stl·esses in reinforcement without instrument
ing it. It is made from a long steel tube, ½-in. diameter, and 20 SWG (0. 036 in.) 
thick, and is of constant cross section apart from the section at the center, where a 
plucking coil is inserted through the wall of the tube. A standard vibrating-wire ele
ment 5½ in. long is included at its center, and the tube behaves as a hollow reinforc
ing bar. Experiments are still being co·nducted with the gauge, and while these suggest 
that a 3-ft tube is sufficient to give bond, a 4-ft tube was used in this experiment. The 
cross-sectional area of the tube is 0. 052 sq in. , which is slightly greater than a nor
mal ¼-in. diameter reinforcing bar. 

Concrete Mix-Aggregates were brought into the Laboratory from the bridge site for 
the tests and the proportions were as follows: 

1. 1 part normal portland cement, 
2. 1. 43 parts quartzite river sand, 

---------

1 ,.,,., . .-••• ,.~•;:.::::~•~:=•••••u-•• •• ••-•••••-•~•l!--J,.~~~ .. •••••••-•-u••••-- •• ••••••----••••••-.u• •• ••••• • •••• -••••• • ••••n •••••• • ••• ••·•~ • • 
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Figure 12. Strains and temperature variations for simulated deck slab, River Aire Bridge. 
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Figure 13. Cross section showing gauge positions on 
River Aire Bridge. 

4. 1. 46 parts ¾-in. quartz-
ite river gravel, 

5. Water/ cement ratio 0.39, 
6. Slump 1 in., and 
7. Compacting factor 0.84. 

The mold was vibrated on a 
vibrating table. 

Results-The results follow a similar pattern to those obtained in the experiment 
previously described. 

The graph (Fig. 12) shows that gauges indicated expansions of zero up to 130 x 10- 6 

in./ in. during the hydration of the cement. In the longitudinal direction maximum 
values occurred at the top of the molds, while transversely maximum values occurred 
at the bottom, adjacent to the lower shuttering. The values of strain for the steel re
inforcement and the reinforcement gauge follow the same pattern as the less-rigid 
perspex gauges, although the possibility arises that the rise in strain in the upper steel 
bar may have been exaggerated as it was only instrumented on one side. The tempera
ture rise at the center of the mold was 28 C. The peak temperature at the surface of 
the concrete just below the lid was about 4 C lower than that at the center of the mold, 
and other temperatures were intermediate in value, showing that there was very little 
temperature gradient over the depth of the concrete. 

Discussion-From the results it would appear that the expansions which occur dur
ing setting load the reinforcement in tension, principally depending on its position in 
the concrete; e.g., the stress which occurs in the reinforcement gauge at the center 
of the slab is given by 

Stress 60 X 10-e X 30 X lQ+6 

1,800 psi 

This is the peak stress at the center of the slab after 4 days; thereafter, shrinkage 
took place that would reduce and eventually neutralize the tensile stress. Note that 
very little shrinkage had occurred in the slabs up to 32 days, even though it was in a 
comparatively dry laboratory atmosphere. This may be explained by the size of the 
block and the fact that in order to maintain the waterproofing on its sides, it was not 
demolded. The apparently rapid loss in strain in the upper and lower reinforcement 
bars (Maihak gauges No. 10 and 12) was later found to be caused by corrosion of the 
wires of gauges that had been used on a previous investigation outside and stored for 
some years. This caused a steady creep loss in the wire. This trouble does not, 
however, occur with buried gauges that are sealed. 

By way of comparison, the average shrinkage loss of all the gauges in the slab after 
two years was 100 x 10-0 in. /in. from the peak of hydration. The slab had not been 
demolded and was stored in a dry unheated hangar. A control specimen 28 by 6 by 6 
in. had shrunk 130 x 10- 6 in./in. over the same periodof time. This had beendemolded. 

As a result of this experiment, it was felt that it would not be worthwhile to make 
any allowance for the initial tensile stress in the reinforcement in the computer pro
gram because the stress level was not high, and further experimentation would be 
needed to establish the effect of casting the deck slab on the full scale. 

SITE INVESTIGATIONS 

Recorded Movements in Fresh Concrete for a Section of the 
River Aire Bridge 

Opportunity was taken during the construction of the River Aire Bridge to check the 
readings obtained in acoustic gauges during the casting of a typical section of the bridge, 
some two years after the experiment previously described was completed. Steel-bar 
barreled gauges of the standard RRL type were buried in the top slab (Fig. 13). A 
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Figure 14. Strains after casting deck slab, River Aire Bridge. 

partial prestress was applied to the bridge at 39 hours using a small proportion of the 
pres tressing bars. 

Concrete Mix-The concrete mix had been modified since the tests in 1965 and was 
as follows: 

1. 1 part normal portland cement, 
2. 1.14 parts quartzite river sand, 
3. 1. 07 parts 3/e-io, quartzite river aggregate, 
4. 1. 60 parts % -in. quartzite river aggregate, 
5. "Febflow" plasticizer at the rate of 16 oz per ½ cu yd of mix, 

Cross sec: llon 

- Gcugl! 16 - - -- • I t.___ -

- -Gouge15 --- ' " 

N:~;;at ___ • ___ . 

Strain dislribution 
bl!'fore release Tempera lure- drop 0 c l"Fl 

Figure 15. Strain and temperature changes in precast beams on cooling. 
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6. Slump 2 in., 
7. Compacting factor 0. 94, and 
8. Average concrete strength at 28 days, 9,000 psi. 

Vibration was carried out by using poker vibrators. 
Results-The graphs (Fig. 14) show that expansions in the range 130 - 50 x 10- 5 

in./in. were recorded up to the time the partial prestress of 54 lb/in; was applied to 
the top slab, which caused slight reductions in the recorded tensile strains. No tem
peratures were measured, but it is probable that the temperature increases were about 
the same as those recorded during the laboratory experiment. 

Discussion-The results show a similar pattern to those recorded in the laboratory 
experiment with maximum values of expansion approximately 130 x 10- 5 in./in. 

Behavior of Gauges During Casting of Prestressed Beams Manufactured 
By the Long-Line Method 

A further opportunity was obtained to check strain changes that occurred on casting 
during the manufacture of prestressed beams at the factory of Concrete (Southern) Ltd., 
which were to be the subject of other tests at the laboratory. The beams were stand
ard Prestressed Concrete Development Group beams of I section (Fig. 15), 35 ft 3 in. 
long and 21 in. deep. Steel molds were used for the beams, which were cast over a 
heated floor maintained at about 55 C. 

Investigation Method-Four steel-barreled gauges were strapped by soft iron wire 
to the stirrups of the beam in the positions indicated in Figure 15. Thermocouples 
were also buried in the concrete over the depth of the beam as shown. The concrete 
was cast at 5 p. m. on the first day when the molds were covered with a tarpaulin, 
which was removed at 7 a. m. the following morning immediately before stripping the 
molds. Between 7 a. m. and 1 p. m. devices were stuck to the beams to give an in
dication of their deflection on release. This caused a delay in release which was out
side the normal works procedure, as usually the long-line prestressing forces would 
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have been released immediately after the removal of the covers. Strain and tempera
ture readings were taken continuously for 24 hours using automatic equipment. 

Concrete Mix-The concrete mix was as follows: 

1. 1 part Ferrocrete rapid-hardening portland cement, 
2. 1. 01 part Thames Valley flint sand, 
3. 0. 53 part Thames Valley % -in. flint gravel aggregate, 
4. 1. 97 part Thames Valley ¼-in. flint gravel aggregate, 
5. Water/ cement ratio 0. 38, 
6. 1/4 pint plasticizer (Sealoplaz) per cwt cement, 
7. 1 in. slump, and 
8. Average 28 days strength 8170 lb/ sq in. 

Vibration was carried out by means of poker vibrations. 
Results-The temperatures measured at the top in the beam are shown plotted in 

Figure 16. These show that even with the tarpaulins on, the beams were hotter ad
jacent to the floor, the difference in temperature between the top and bottom being 
about 6 C throughout the night prior to removing the covers at 7:00 a. m. Thereafter, 
the tops of the beams cooled and the temperature difference increased to a maximum 
value of about 13 C at noon. 

The strain gauge results showed that there was longitudinal shrinkage throughout the 
depth of the beam during setting, the greatest value of shrinkage occurring at the bot
tom of the beam. This movement had, however, ceased by midnight on the day of cast
ing, and conditions remained constant during the night up to the time the covers were 
removed. After the covers were removed, however, and the molds stripped, a strain 
gradient built up, caused by the differential cooling of the top of the beam relative to 
the bottom. The strain gradient for 1 p. m. just prior to release is shown in Figure 15 
for zeros taken at 6:40 a. m., corresponding to the line AB on the graph (Fig. 16), the 
values of strain being as given in Table 3. 

Separate tests gave the modulus of elasticity of the concrete as 4. 5 x 10+5 lb/ sq in. 
at 1 p. m. For a strain of 69 x 10- 6 in./in. and a section modulus of 565 in.3 at the 
beam top, the indicated thermal moment was 

Moment 69 X 10-6 
X 4.5 X 10+6 

X 565 

175, 000 lb-in. 

This is a true value of-moment since the coefficient of expansion of a Thames gravel 
aggregate concrete and the wire of the gauge are roughly equal. Thus while simple ex
pansions and contractions arising from temperature changes cause little variation in 
the gauge reading, the gauge indicates strains caused by restraints to thermal move
ment; e.g., in this instance, the gauge at the top of the beam cooled with the concrete, 
but was held roughly to its original length by the restraint imposed by the prestressing 
cables holding the beams down to the floor. A true value of tensile strain was there
fore recorded. 

At noon, cracks were detected in two of the beams running from the top down to the 
bottom of the web , corresponding to the position of the tensile zone of the diagram (Fig. 

15). These closed up when 
the prestress was released at 

Gauge No. 

13 (bottom of beam) 

14 

15 

16 (top of beam) 

TABLE 3 

VALUES OF STRAIN 

Reading 

6:40 a, m, 

- 70 

- 46 

-29 

• 17 

Values to Arbitrary Zero, 6:40 a. m. 
1 p.m. 

-95 -25 

-34 +12 

+17 +46 

+52 +69 

NOTE: Strain (ln ./in. x 10~) used where opplicable. 

1 p. m. The cracks would not 
have occurred with the normal 
works procedure, when the 
beams are released about one 
hour after stripping the molds. 

Discussion-The results 
underline a characteristic of 
this acoustic gauge, viz., that 
it will indicate directly strains 
caused by thermal restraint 
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when the coefficient of expansion of the 
steel wire is roughly the same as that of 
the concrete as for the gravel and quartz
ite aggregates. Where other aggregates 
are used, e.g., limestone, adjustment to 
the readings would be required. 

This is a useful characteristic when in
vestigating the cracking which arises soon 
after casting; it is usually termed shrink
age cracking. Experiment indicates that 
early shrinkage caused by moisture loss 
and carbonization is, in fact, small in 

Figure 17. Mancunian Woy elevated rood. full-scale structures in the temperate 
climate of the United Kingdom. Thus 
cracking in the first week after casting is 
more likely to be caused by thermal dif
ferences than by moisture loss, in par-

ticular by cooling of the outside surface of a section relative to the inside as occurred 
for the precast beams. It has already been shown for the Medway Bridge that tempera
ture drops of up to 45 C occurred in the deck structure , for which the associated con
traction was about 500 x 10- 8 in./in. In addition, the more exposed parts of the deck 
slab midway between the webs reached a lower peak temperature than the thicker parts 
of the webs, and differences of up to 30 C have been recorded (13, 14). This repre
sents a differential st1·ain in cooling of approximately 360 x 10-frfn./in., which would 
cause cracking where secondary reinforcement is insufficient. In this instance, crack
ing occurred at an early age when the difference in temperature promoted by tempera
ture drop was only 7 C and the associated value of tensile strain was 70 x 10-6 

in./in. 

Behavior of Gauges When Cast Into a Section of the Mancunian Way 

A full-scale investigation has also been carried out into the movements occurring 
in the Mancunian Way, an overhead road in Manchester completed in 1967 (Fig. 17). 
In this investigation steel-barreled gauges were used. Some were briquetted in small 
concrete blocks 6 by 2 by 2 in. prior to casting and others were not; the purpose of 
this was to ascertain whether an unbriquetted gauge was sufficiently robust to with
stand the pouring of concrete and vibration by poker vibrators when no special care 
was taken. 

Site Procedure-The structure was factory cast in 10-ft sections which were later 
prestressed together on site. Gauges were tied to the secondary reinforcement in a 
typical section at the points indicated in the cross section (Figs. 18 and 19). Readings 

N 
. • 

r 
.... .. 
" 

t 
• ·u ,.,. ,, ,, ~ 

. 
)0 

Key 
Briquel I ed gaug e: E3 elevation • end view 

Unbriquelltd gouge : - • • 

Figure 18. Gouge positions in Mancunian Woy unit. 
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Figure 19 Bi quetted and bare gauges in web of 
Mancunian Way precast unit (the internal shut
tering has not been placed). 

were taken on all gauges after they had 
been fixed in the structure. The concrete 
was poured in one operation and the shut
tering was struck one day after casting, 
but it was not possible to take further read
ings until one week later. 

Concrete Mix-This was as follows: 

1. 1 part ordinary portland cement, 
2. 0. 71 part river sand, 
3. 0. 95 part 3/a-in. crushed limestone, 
4. 1. 89 part ¾ -in. crushed limestone, 
5, 0. 38 water/ cement ratio, 
6. Slump 2 in., 
7. Compacting factor 0. 88 , and 
8. 1 pint of plasticizer per 12 cu ft of 

mix. 

For the briquetting of the gauges, a 
similar mix was used, but with 3/a-in. 
gravel aggregate instead of the ¾ to 3/16 
in. sizes in the main mix. The briquettes 
were about one week old at the time of ty

ing into the structure and had been stored in the laboratory after being cured for two 
days under polythene. The results are given in Table 4. 

Again there is a tendency for the greatest recorded expansions to occur near the top 
of the mold. The maximum value of 238 microstrain occurred in gauge 19 at the sur
face of the unit, while the minimum value of -12 microstrain occurred in the base slab. 
The results for eight companion specimens 20 by 4 by 4 in., which were kept exposed 
outside but not waterproofed at the laboratory and having steel-barreled gauges at their 
centers, are given in Table 5. Unfortunately no intermediate readings were taken, but 
measurements taken on other companion specimens for the same structure indicate a 
steady shrinkage from immediately after casting. 

Briquetted Gauges 

5/10/66 5/17/66 

Gauge Before Six Days 
Casting: After No, 
Gauges in Striki11g 
Position Shuttering 

1 0 +ll7 
4 0 +113 
6 0 +22 
8 0 +179 
9 0 +161 

10 0 +141 
12 0 +188 
19 0 +238 
20 0 +135 
21 0 +202 
29 0 +106 
30 0 +205 
31 0 +107 

Average expansion +145 

TABLE 4 

BRIQUETTING OF GAUGES 

Unbriquetted Gauges 

9/7/66 10/7/66 5/17/66 
On Site, 

Gauge 
Before Six Days 

Just Prior Casting: After 
to No. Gauges in Striking 

Pres tressing Position Shuttering 

9/7/66 
On Site, 

Just Prior 
to 

Prestresstng 

+4 z Gauge lead defective 
+49 3 0 +40 -13 
-8 5 0 -12 -74 

+139 7 0 +83 +ll4 
+114 11 0 +122 +29 

+60 13 0 +132 +145 
+137 14 0 +75 +70 
+250 15 0 +155 +201 

+30 16 0 +141 +64 
+177 17 0 +159 +164 
+146 18 0 +146 +127 
+234 22 0 +133 +112 

+60 23 0 +106 +189 

+107 24 0 +122 +90 
25 0 +131 +112 
26 0 +109 -Ki4 
27 0 +147 +117 
28 0 +100 +54 
32 0 +215 +174 
33 0 +124 +123 
34 0 +98 +75 
35 0 +169 +91 
36 0 +128 +100 
37 0 +105 +66 
38 0 +138 +138 

Average expansion +119 +96 



Gauge No, 

1 
2 
3 
4 
5 
6 
7 
8 

TABLE 5 

EXPOSED SPECIMENS 

5/10/ 66 
Ten Min 

After 
Casting • 

0 
0 
0 
0 
0 
0 
0 
0 

10/10/66 
1n Outside 

Exposure Hut at 
RRL 

-202 
-271 
-264 
-228 
-233 
-232 
-205 
-295 
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Discussion-The results indicate an overall ex
pansion of the concrete in the structure in the first 
week as a result of hydration and cooling. The bri
quetted gauges generally indicate greater expansion 
than the unbriquetted ones ; the average value for 13 
briquetted gauges being 145 x 10-5 in./in. This may 
be the effect of the briquetted concrete being rewetted 
when the concrete for the structure is placed, or al
ternatively an effect associated with the temperature 
rise on hydration. It is probable, however, that when 
the initial readings are taken after the peak tempera
ture of hydration has occurred, the strain values are 
the same as for unbriquetted gauges, as was observed 
for gauges of different types. 

The .average value of expansion recorded in one 
week from casting is greater than recorded in any of the other investigations. This 
appears to have arisen from the low coefficient of expansion of the limestone aggre
gate; e.g., for an ambient temperature of 20 C, a peak hydration temperature approxi
mately 50 C, and a coefficient of expansion for limestone concrete of 7 x 10- 6 per deg 
c~,.!!.), 

strain change in wire on cooling = 30 x 12 x 10-8 = 360 x 10-5 in./in. 

strain change in concrete on cooling 30 X 7 X 10-8 = 210 X 10- 8 in./in. 

As the gauge would be constrained to move with the concrete , .an apparent expansion 
of 150 x 10- 0 in./in. would be recorded on cooling, which would account for the high 
values of recorded expansion. This implies that on cooling a self-balancing set of 
forces is set up in the structure, the steel secondary reinforcement being in tension 
while the concrete is in compression, which would be beneficial in preventing possible 
early cracking. No cracks were, in fact, observed in the precast units. The average stress 
in the steel reinforcement after oneweekis evidentlyl19 x 10- 8

, x 30 x 10+8
, i.e., about 

3, 500 psi, on the assumptions that all the initial expansion is transferred to the steel 
as indicated in the River Aire Bridge experiment, and the coefficients of expansion of 
the reinforcement and the wire of the gauge are the same, which is approximately true. 

The results from the companion specimens show that normal shrinkage occurred; 
the average value being 241 x 10-5 in./in. in five months. This illustrates that the 
movement of a structure on the full-scale may be very different from that found in 
small specimens, and that care is needed in correlating results. A useful summary 
of coefficients of expansion for concretes made with various types of aggregate, due 
to Browne (!!,), is given in Table 6. 

TABLE 6 

VARIATION OF AGGREGATE AND NORMAL CONCRETE THERMAL EXPANSION WITH GEOLOGICAL ROCK GROUP* 

Typical Thermal Expansion Coefficient of Aggregate No. of Thermal Coefficient of Expansion of 

Silica (microstrain/deg F) Rock Concrete 
Rock Group 

Content Specimens (microstrain/deg F) 

(%by wt) Minimum Maximum Maximum Mean Tested Variation Minimum Recorded Maximum Recorded 

Chert 94 4, 1 (7. 4) 7, 2 (13,0) 3, 1 (5,6) 6. 7 (11, 8 I 50 6,3 (11.4) 6,8 (12,2) 
Quartzite 94 3.9 (7. 0) 7,3 (13,2) 3,4 (6, 2) 5, 7 (10. 3) 28 6, 5 (11.7) 8.1 (14,6) 
Quartz 94 5,0 (9,0) 7.3 (13,2) 
Sandstone 84 2.3 (4.31 §. 7 (12, 1) 4,3 (7,8) 5. 2 (9.3) 43 5.1 (9, 2) 7,4 (13.3) 
Marble Negligible -1,2 (2, 2) 8,9 (16,0) IQ! (18.2) 4,6 (8.3) 35 2.3 (4, 1) 4.1 (7,4) 
Siliceous limestone 45 2,0 (3.6) 5,4 (9, 7) 3.5 (6,3) 4.6 (8.3) 6 4. 5 (8;'½) 6, l (11.01 
Granite 66 1.0 (1.8) 6,6 (11.9) 5,6 (10, 1) 3.8 (6. 8) 79 4, 5 (8, 1) 5, 7 (10.3 1 
Dolerite 50 2. 5 (4, 51 4.7 (8, 5) 2, 2 (4,0) 3.8 (6.8) 4 
Basalt 51 2. 2 (4.01 5,4 (9, 7) 3, 2 (5.7) 3,6 (6. 4) 18 4,4 (7,9) 5,8 (10, 4) 
Limestone Negligible -1 (-1.8) 6, 5 (11. 7) 7,5 (13, 5) 3,0 (5. 5) 125 2.4 (4 , 3) 5, 7 (10, 3) 
Gravel 5-95 5,0 (9,0) 7, 6 (13,7) 

*After Browne Q.!), based on ~urvey of references. 

NOTE: Figures in parentheses ore thermal expansion c"Oefficients in microstro in/deg C. 
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CONCLUSIONS 

In general, the use of vibrating-wire gauges indicates expansion in concrete during 
setting up to the time of the peak hydration temperature: the maximum movement re
corded was 170 x 10-6 in/in. when peak hydration temperatures were up to 30 C above 
ambient. An exception arose for a mix made with rapid-hardening portland cement 
where contractions up to 80 x 10- 6 in./in. occurred. 

Expansion has been recorded in quite small concrete specimens where there was 
very little rise in temperature during hydration. This suggests that the expansion 
arises from the change in state rather than from the temperature rise. 

The amount of the expansion recorded depends on the stiffness of the barrel of the 
vibrating-wire gauge. In one experiment gauges manufactured with plastic tubes hav
ing a comparatively low stiffness showed almost double the movement recorded by 
steel- and brass-barreled gauges. The amount of movement was also shown to be 
greater near the top of the mold. 

Readings taken on a simulated deck section, 12 in. thick, of the River Aire Bridge, 
using gauges attached to reinforcement and also a special tubular reinforcement gauge, 
suggest that where expansion occurs the reinforcement is also strained. For the deck 
section considered, the mean strain was 50 x 10-5 in./in. for which the equivalent 
tensile stress is 1, 500 psi. Gauge readings taken on site confirmed the general pattern 
of expansion. 

The shrinkage readings recorded from a zero taken at the time of peak hydration 
temperature (i.e., from the time when setting is assumed to be complete) using both 
types of RRL gauges and the BRS gauge show that the measured shrinkage is the same 
for all three gauge types; i.e., the movement of the concrete predominates once it 
has set. 

Where the coefficient of expansion of the concrete is roughly the same as that of the 
steel wire of the gauge, i.e., 12 x 10-6 per deg C, which is true for gravel and quartz
ite aggregate concretes, the strain change in the gauge from the time of peak hydration 
temperature is a measure of the shrinkage from the condition of maximum volume; 
this being the shrinkage arising from moisture loss as opposed to contraction caused 
by temperature drop. Where the coefficients of expansion of the wire and concrete are 
not the same, a correction would need to be applied to allow for the temperature drop. 
Alternatively, if shrinkage readings are commenced when the concrete has cooled to 
ambient temperature then this difficulty is overcome. This is probably the most con
venient zero from which to commence creep shrinkage measurements, but when pre
stress is applied at 1 or 2 days, an eariier zero must be taken. In the simulated deck 
experiment the value of shrinkage from the peak temperature was about 100 x 10- 5 in/ 
in. in two years, and very little of this occurred in the first months. 

The contraction movement arising from temperature drop is far greater than that 
arising from shrinkage in the first few weeks after casting. For bridge decks, tem
perature drops of up to 45 C have been observed. The associated contraction would be 
about 500 x 10-5 in./in. in a gravel aggregate concrete. In addition, the more exposed 
parts of a bridge deck reach a lower peak temperature than thicker parts of the webs; 
differences of peak temperature of up to 30 C have been recorded, This gives rise to 
differential contractions on cooling with the possibility of early cracking. 

When the strain change from the time of peak temperature is tensile, this indicates 
the presence of tensile stress due to differential cooling. In one investigation crack
ing was gromoted at an early age when the maximum value of tensile strain reached 
70 x 10- in./in. for a temperature difference of only 8 C. It is clear that temperature 
differences of this order are common during the casting of structural members. 

In an investigation into the characteristics of an overhead road structure using lime
stone concrete, it has been demonstrated that, because of a value of low coefficient of 
expansion, cooling after hydration promotes tension in the secondary steel and com
pression in the concrete, the stress in the steel being approximately 3, 500 psi. 

The tests show that the movements of structures on the full-scale may be very dif
ferent from the movements in control specimens and that care is needed in correlating 
results. 
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