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The Transport Research Laboratory is the largest and most comprehensive centre for the study of road
transport in the United Kingdom. For more than 60 years it has provided information that has helped
frame transport policy, set standards and save lives.

TRL provides research-based technical help which enables its Government Customers to set standards
for highway and vehicle design, formulate policies on road safety, transport and the environment, and
encourage good traffic engineering practice.

As a national research laboratory TRL has developed close working links with many other international
transport centres.

It also sells its services to other customers in the UK and overseas, providing fundamental and applied
research, working as a contractor, consultant or providing facilities and staff. TRL’s customers include
local and regional authorities, major civil engineering contractors, transport consultants, industry, foreign
governments and international aid agencies.

TRL employs around 300 technical specialists - among them mathematicians, physicists, psychologists,
engineers, geologists, computer experts, statisticians - most of whom are based at Crowthorne, Berkshire.
Facilities include a state of the art driving simulator, a new indoor impact test facility, a 3.8km test track,
a separate self-contained road network, a structures hall, an indoor facility that can dynamically test
roads and advanced computer programs which are used to develop sophisticated traffic control systems.

TRL also has a facility in Scotland, based in Livingston, near Edinburgh, that looks after the special
needs of road transport in Scotland.

The laboratory’s primary objective is to carry out commissioned research, investigations, studies and
tests to the highest levels of quality, reliability and impartiality. TRL carries out its work in such a way
as to ensure that customers receive results that not only meet the project specification or requirement but
are also geared to rapid and effective implementation. In doing this, TRL recognises the need of the
customer to be able to generate maximum value from the investment it has placed with the laboratory.

TRL covers all major aspects of road transport, and is able to offer a wide range of expertise ranging from
detailed specialist analysis to complex multi-disciplinary programmes and from basic research to advanced
consultancy.

TRL with its breadth of expertise and facilities can provide customers with a research and consultancy
capability matched to the complex problems arising across the whole transport field. Areas such as
safety, congestion, environment and the infrastructure require a multi-disciplinary approach and TRL is
ideally structured to deliver effective solutions. :

TRL prides itself on its record for delivering projects that meet customers’ quality, delivery and cost
targets. The laboratory has, however, instigated a programme of continuous improvement and continually
reviews customers satisfaction to ensure that its performance stays in line with the increasing expectations
of its customers.

Quality control systems have been introduced across all major areas of TRL activity and TRL is working
towards full compliance with BS EN 9001:1994.
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EXECUTIVE SUMMARY

Rigid frame bridges, where the abutments are structurally
connected to a continuous deck to form an integral struc-
ture, have the advantage of reduced maintenance costs
because of the absence of bridge bearings. However sea-
sonal thermal movements of the bridge deck make it
difficult to predict the magnitude and distribution of earth
pressures acting on the abutments and movements within
the backfill. These lead to uncertainties in the design of
integral bridges. In order to confirm that longitudinal
thermal movements of the deck were being transmitted to
the abutments, two existing portal frame bridges spanning
the M1 were instrumented and monitored over periods of
up to 14 months. These bridges were constructed more than
30 years ago and have performed satisfactorily in service.

Both portal frame structures were instrumented to measure
changes in length and level of the bridge deck and the
temperature variations in the deck giving rise to the changes.
Length measurements were made using a high precision
electronic distance measuring system (Geomensor) and
level measurements using precise levelling employing an

invar staff and parallel plate micrometer. A reasonable
estimate of temperature was obtained from two profiles of
thermocouplesinstalled at depths ranging from 25 to 500mm
below the top surface of the concrete deck of each bridge.

Both bridge decks behaved in a reasonably predictable
manner with an increase in length with temperature which
correlated well with the coefficient of thermal expansion of
12 x 10 per °C commonly assumed for reinforced con-
crete. Measurements of bridge movement were taken when
deck temperatures were between -1°C and +19°C. How-
ever the lower and upper limits of effective bridge tempera-
tures in the Northampton area are expected to be outside
thisrange over a 120 year period with overall changes of the
order of 40°C. On this basis, a lateral movement of +6.5mm
is predicted at the top of each abutment. This is likely to be
of sufficient amplitude to mobilise passive earth pressures
in the granular backfill behind the abutments. More de-
tailed studies measuring earth pressures developed behind
the abutments of integral bridges will be needed to provide
a comprehensive picture.




MEASUREMENT OF THERMAL CYCLIC MOVEMENTS
ON TWO PORTAL FRAME BRIDGES ON THE M1

ABSTRACT

Rigid frame bridges, where the abutments are structurally
connected to a continuous deck to form an integral struc-
ture, have the advantage of reduced maintenance costs
because of the absence of bridge bearings. However sea-
sonal expansion and contraction of the bridge deck causes
cyclic movements of the abutments which lead to varia-
tions in the earth pressures acting on the abutment walls in
service. In turn, these lead to considerable uncertainties in
design. In this study the behaviour of two existing portal
frame bridges spanning the M1 was studied over periods of
up to 14 months. These bridges were instrumented to
monitor the longitudinal thermal movements of the deck
and the associated change in vertical level at various points
along the deck.

1. INTRODUCTION

A major element of the repair and maintenance costs of
conventional road bridges is caused by damage to the
bearings from road deicing salts penetrating the deck joints
(Wallbank, 1989). Integral bridges where the abutments
and deck form a continuous unit with no bearings should
therefore have much reduced maintenance costs. Integral
bridges have been widely used in Europe and North America
and are now being introduced into the UK. Their perform-
ance has been reviewed by Burke (1989) and more recently
by Card and Carder (1993).

Seasonal thermal movements of the bridge deck make it
difficult to predict the magnitude and distribution of earth
pressures acting on the abutments and movements within
the backfill. These lead to uncertainties in the design of
integral bridges. In order to confirm that longitudinal
thermal movements of the deck were being transmitted to
the abutments, two existing portal frame bridges spanning
the M1 were instrumented and monitored over periods of
upto 14 months. These bridges were constructed more than
30 years ago and have performed satisfactorily. Measure-
ments of change in length and vertical level were made at
various points along the bridge deck using a high precision
electronic distance measuring system and a precise level
respectively. These movements were correlated to reason-
able estimates of deck temperature derived from two arrays
of thermocouples installed in the deck of each bridge.

The monitoring of these bridges forms part of a wider
programme of research into the performance of integral
bridges being undertaken on behalf of the Department of
Transport. In addition to this study, more detailed studies

are underway at other trial sites where measurements of the
earth pressures acting on both shallow and full height
integral abutments are being related to thermal movements
of the abutment and deck.

2. LOCATION AND
DESCRIPTION OF
STRUCTURES

Bridge 1, DOT number M1/123.20, was designed by Sir
Owen Williams and Partners and built in 1959. The bridge
carries the Kilsby to Watford road over the M1 in North-
amptonshire. Bridge 1 is a portal frame structure compris-
ing reinforced concrete abutments 1.828m thick and a solid
reinforced concrete deck 838mm thick and 9.75m wide.
The abutments are cantilevers on spread footings which are
founded on rock. A cross-section of the bridge is shown in
Fig 1a. The bridge is approximately 56.7m long with a
central pier at mid span. The available distance between the
measurement points 3G and 1G is 49m (Fig 1a). The bridge
was instrumented by TRL during October 1993.

Bridge 2, DOT number M1/121.40/1, is a similar porta]
frame structure with a central pier, a deck slab thickness of
762mm and width of 12.4m. The length of the bridge is
48m, with a distance of 41m between measurement points
3G and 1G as shown in Fig 1b. The bridge was built to a
similar design as Bridge 1 except that the abutments are
founded on stiff clay rather than rock. It is located some 2
miles south of Bridge 1 and carries the Welton to Watford
road over the M1. The bridge was instrumented during
February 1994.

3. INSTRUMENTATION

Both portal frame structures were instrumented to measure
changes in the length and level of the bridge deck and the
temperature variations in the deck giving rise tothe changes.
The positions of the instruments for both bridges are
summarised in Fig 1 and Table 1.

3.1 MONITORING OF LENGTH
CHANGES

To measure changes in length of the deck, stainless steel
sockets to accept a target reflector for the high precision
electronic distance measuring system (Geomensor) were
fixed with epoxy concrete into holes drilled in the top
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Fig.1 Instrument layout

surface of the concrete deck and the deck waterproofing
reinstated. Sockets were installed at each end and in the
centre of each bridge deck (Fig 1). At each bridge a fixed
datum pillar with a tribach mounting for the Geomensor
equipment was installed on the line of the bridge. At Bridge
1 the pillar was at a distance of 34m from the eastern end of
the bridge and at Bridge 2 some 170 metres from the
western end of the bridge. The precision of the Geomensor
is such that it is capable of measuring changes in deck
length to better than +0.5mm over these ranges.

3.2 MONITORING OF LEVEL
CHANGES

In order to measure any changes in level of the decks,
levelling points were installed along the length of the decks
atlocations showninFig 1 and Table 1. The levelling points
comprised the stainless steel sockets used for the Geomensor
target reflector supplemented by stainless steel road nails
installed in the blacktop of the footways. At locations T1
and T2 shown in Fig 1, stainless steel nails were fixed into
the concrete deck. The levels of these points were deter-
mined relative to remote temporary benchmarks using
precise levelling techniques employing an invar staff and

parallel plate micrometer. The precision of these measure-
ments was considered to be better than +£0.25mm.

3.3 MONITORING OF
TEMPERATURE CHANGES

A reasonable estimate of the temperature of the deck was
made using two thermocouple profiles, one of 6 and one of
4 “T type” thermocouples. These were installed at the
locations T1 and T2 on each structure (Fig 1), at depths
ranging from 25 to 500mm below the top surface of the
concrete deck (Table 1). Care was taken when backfilling
around the thermocouples to eliminate any air pockets
around the thermocouple tips as such pockets can lead to
erroneous temperature readings (Mortlock, 1974). A con-
siderable amount of research into the measurement of
temperature and movement in bridge decks has been car-
ried out (Emerson 1968, 1973 and 1976a) but this research
was carried out on bridges fitted with bearings and expan-
sion joints. A method of calculating effective deck tem-
perature is given by Emerson (1976b) but in the current
limited study the mean of the ten thermocouples was
considered to be sufficiently accurate.




TABLE 1

Locations of instrumentation-

Bridge 1 Type Distance Bridge 2 Type Distance
Position *C/B from 3G (m) * Position *C/B from 3G (m)
3G C 0 3G C 0
10L/T2 C 6 8L B 1.45
9L/T1 C 12 7L B 445
8L B 18 T2 C 5.55
2G C 243 6L B 7.45
7L B 27 SL B 10.45
6L B 30 T1 C 10.5
SL B 33 4L B 13.45
4L B 36 3L B 15.5
3L B 39 2L B 16.45
2L B 42 1L B 19.45
1L B 45 2G C 20.5
1G C 48.82 14L B 25
13L B 28
12L B 31
11L B 34
10L B 37
9L B 40
1G C 41
Bridge Array Depths below top surface of concrete deck (mm)
1 T1 25, 50, 100, 150, 300, 340
1 T2 50, 100, 150, 200
2 T1 25, 50, 100, 150, 300, 500
2 T2 50, 100, 150, 200

* Type C set in concrete deck, type B set in blacktop.
G is a Geomensor measuring station and levelling point,
T is a thermocouple array, L is a levelling point.

4. MEASUREMENTS

41 CHANGES IN LENGTH OF
BRIDGE DECK

Figs 2a and 2b show the changes in length of Bridge 1 and
Bridge 2 respectively together with the average tempera-
tures measured by the thermocouples in the deck. The
measurements indicate that the deck length changed in a
broadly predictable manner with changes in temperature
forbothbridges, an increase in temperature giving rise to an
increase in the length of the deck.

In Fig 3 the actual change in length of each bridge is plotted
against the mean temperature recorded by the thermocou-
ples. An overall temperature range from -1°C to +19°C.
was recorded during the monitoring periods of 14 months
at Bridge 1 and 12 months at Bridge 2. The best fit line
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through the results is compared in Fig 3 with the change in
length calculated using a coefficient of expansion of
12 x 10per °C as specified for steel and gravel aggregate
concretein BD37 (DMRB 1.3). Onthis basis the best fitline
for Bridge 1 has a slope of 0.546mm/°C which on dividing
by its span is equivalent to a coefficient of thermal expan-
sion of 11.3 x 10 per °C. Similarly for Bridge 2 the slope
is 0.564mm/°C with an equivalent expansion coefficient of
13.7 x 10 per °C. It must be noted that the average deck
temperature was calculated from the results of ten thermo-
couples at each bridge and as such only represents a simple
estimate of the true effective deck temperature. The largest
variation of temperature within a single set of measure-
ments from ten thermocouples on a bridge was at Bridge 2
and was from +3.0°C to +6.4°C with an average tempera-
ture of 4.8°C. More typically, the range for a set of ten
thermocouples was +1°C.

4.2 CHANGES IN LEVEL OF
BRIDGE DECK

Fig 4a shows profiles of level changes measured along the
deck of Bridge 1 at different mean deck temperatures.
These changes are calculated from datum levels which
were taken when the deck temperature was §°C. The data
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Fig 4. Change in level of bridge deck

indicate that changes in level of the deck of between
+2.5mm and -3.5mm occurred during the period of meas-
urement. Similar data for Bridge 2 are given in Fig 4b.

When the average change in level for the 13 points on
Bridge 1 and the 19 points on Bridge 2 are plotted against
the average temperature of the deck (Fig 5), the data show
small increases in deck level with temperature of
0.21mm/°C and 0.15mm/°C for Bridge 1 and 2 respec-
tively. Table 2 shows the slope and regression coefficients
for the average change in level of all the levelling points and
for those 5 points on each bridge (1G, 2G, 3G, T1 and T2)
that were fixed directly into the concrete deck.

The resultsin this Table indicate that the levelling points set
in concrete experienced smaller movements than those set
in blacktop. This is probably due to the fact that points 1G,
2G and 3G on each bridge would experience greater verti-
cal restraint than the other levelling points. This effect is
quite marked for Bridge 1 in Fig 4a, where the maximum
changes are at the quarter points. However the effect is not
apparent in Fig 4b. Systematic differences between the
levelling points set in concrete and those in blacktop are
considered unlikely and there is not evidence to suggest
such an effect in Fig 4. In addition it can be seen that the
change in level with temperature for Bridge 1 is larger than
that for Bridge 2. This implies that the lateral restraint at
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each end of the deck due to the abutments and backfill is
greater for Bridge 1 than for Bridge 2.

S. DISCUSSION

Both portal frame structures being investigated were de-
signed with relatively massive abutments (1.828m thick)
and a central pier. For this reason it was by no means certain
whether thermal movements of the bridge deck would be
accommodated by lateral movement of the top of the
abutments, by hogging/sagging of the deck itself, or by a
combination of the two. The measurements of lateral and
vertical thermal movements of the bridge deck indicated
that lateral movements were close to those calculated from

the appropriate coefficient of thermal expansion and that
vertical movements were generally small.

Different foundation conditions existed for the abutments
of the two bridges. At Bridge 1 the abutments are founded
onrock and the M1 isincutting so that the abutment backfill
forms a wedge against the undisturbed ground. The abut-
ments at Bridge 2 are founded on clay with the motorway
at original ground level and approach embankments to the
abutments. For these reasons it was considered that the
lateral restraint of the abutments at Bridge 1 is slightly
better than at Bridge 2: this is bome out by the marginally
lower value of 0.546mm/°C as opposed to 0.564mm/°C for
change in deck length and the marginally higher value of
0.21mm/°C as against 0.15mm/°C for average change in
deck level for Bridges 1 and 2 respectively. The greater
lateral restraint for Bridge 1 would appear to be consistent
with the larger changes in deck levels. Thus, the quarter
points on Bridge 1 show hogging as the temperature in-
creases, with the hogging diminishing as the temperature
decreases. The data in Fig 4b suggest that the deck moves
up and down as a monolith for Bridge 2, indicating that the
lateral restraint was insufficient to induce hogging as the
temperature increased.

Measurements of bridge movement were taken when deck
temperatures were between -1°C and +19°C. The lowerand
upper limits of effective bridge temperatures in the North-
ampton area are expected to be outside thisrange overa 120
year return period: values given in BD37/88 (DMRB 1.3)
indicate that the temperature difference between the lower
and upper limits is likely to be of the order of 40°C. On the
basis of a40°C variation, changes in overall length of about
26mm are calculated for both Bridge 1 and 2. This is
equivalent to a lateral movement of £6.5mm at the top of
each abutment. Given that the mean abutment height (H) is
8.5m, the shear strain in the backfill can be calculated as
1.5x 10" from 28/H where 8is the lateral deformation at the
top of the wall. Card and Carder (1993) report that accord-
ing to the work of Ishihara (1982) on transient effects, this
would be a sufficient amplitude of movement to mobilise
passive earth pressures behind the abutments. England and
Dunstan (1994) support the need to consider cyclic loading
effects: they demonstrate that cyclic loading from daily and
seasonal changes of temperature can cause ‘strainratcheting’

TABLE 2

Comparison of levelling data

All levelling points

Levelling points set
in concrete

Structure Slope of best Regression Slope of best Regression
fit line coefficient (r) fit line coefficient (r)

Bridge 1 0.210 0.85 0.201 0.86

Bridge 2 0.147 0.88 0.116 0.76




within granular material, thus leading to an escalation in the
lateral stresses acting on an integral bridge abutment. The
abutments on the M1 bridges under investigation are rela-
tively massive (1.828m thick) to resist any increased earth
pressures and the bridges have performed satisfactorily for
more than 30 years.

6. CONCLUSIONS

The performance of two existing portal frame bridges
spanning the M1 was studied over periods of up to 14
months. The bridges were instrumented to monitor the
longitudinal thermal movements of the deck and the asso-
ciated change in vertical level at various points along the
deck. The following conclusions were reached.

1. Both bridge decks behaved in a reasonably predictable
manner with an increase in length with temperature which
correlated well with the coefficient of thermal expansion of
12 x 10 per °C commonly assumed for reinforced concrete.

2. Only small changes in level of the decks were measured
with temperature and these were consistent in so far as
hogging occurred with increased temperatures. Both the
levelling and longitudinal movement dataindicated that the
lateral restraint of the abutments of Bridge 1 was margin-
ally higher than at Bridge 2. This is consistent as Bridge 1
spans the M1 in cutting and has abutments founded onrock,
whilst Bridge 2 has abutments founded on clay and ap-
proach embankments.

3. Therange between the lower and upper limits of effec-
tive bridge temperatures in the Northampton area is ex-
pected to be of the order of 40°C over a 120 year return
period (BD37/88, DMRB 1.3). On this basis, a lateral
movement of +6.5mm is predicted at the top of each
abutment. This is likely to be of sufficient amplitude to
mobilise passive earth pressures in the granular backfill
behind the abutments. More detailed studies measuring
earth pressures developed behind the abutments of integral
bridges will be needed to provide a comprehensive picture.
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