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The paper presents the results and conclusions of dynamic load tests that were conducted
on a road bridge over river Gim&n in Sweden (the first bridge of this type in Scandinavia)
made from Super Cor corrugated steel plates. Conclusions drawn from the tests can be mostly
helpful in the assessment of behaviour of this type of corrugated plate bridge with backfill.
In consideration of application of this type of structure in the case of small-to-medium more
and more frequent span of bridges, the conclusions from the research will be generalized to all
types of such solutions.

1. INTRODUCTION

The subject of this paper is a Super Cor SC-56B steel-arch bridge, made of
corrugated plates, over the river Giméan on the Bracke — Holm road (no. 716) in
Sweden. This structure was subjected to thorough study [1-3].

The paper presents set up a main research team who carried out the examina-
tion on the bridge. Vertical and horizontal displacements as well as strains were
measured at selected points and principal sections of the shell in two directions
and in four basic stages during which:

e soil was compacted in layers over the shell structure during construction.
This was done six times of which each layer was of a different thickness
(stage I) [2];

(*) Author is a scholarship holder of the Foundation for Polish Science.
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e bridge was under static load tests (stage II) [3] as well as;
e dynamic load tests (stage III) [4]; and
e in service examination.

Prior to commencement of the test, strain gauges were attached to the steel
shell and before placing the next backfill layer to avoid destruction or damage
of the strain gauges, inductive gauges and dial gauges were installed under the
span, and the accuracy of all the gauges and measuring apparatus specified for
the test was checked [2, 3].

In the papers [1] and [3], detailed description of the bridge structure, mea-
suring apparatus, range of studies under the static load test, the results, analysis
of the different magnitudes obtained from measurements in the test, their cal-
culations and conclusions were presented. Corresponding and appropriate shell
durability tests as a result of loads pressure exerted by the subsequent backfill
layers were described in the work [2].

The main aim of the paper is to present the results of the research on the new
bridge in the dynamic load test domain of studies (first done in Europe — stage
ITI) as the basis upon which the quality of realization, durability, critical speed
magnitude, dynamic coefficients, coefficient of velocity, vibration frequency were
determined [3]. Due to the important location of the bridge in the road net-
work of Sweden (the first of its kind in all Scandinavia [1]) and considering its
prototypical character as well as the comprehensive and thorough research on
the structure together with the detailed analysis of the results obtained (from
analysis of displacements, strains and dynamic effects), the conclusions derived
from this complex study can be very helpful in engineering practice, especially
in the field of research control and acceptance of carried out tests and exami-
nations during construction of steel bridges made from corrugated or flat plates
(particularly in bridges of similar geometric structure and similar material char-
acteristics) [5-8].

2. PROBLEM FORMULATION

Loads moving across the bridge at high speeds cause vibration of the bridge
structure, impact as a result of rough road surface and unequal deflections of
the car springs, etc. Dynamic reaction stress exerted on elements of the bridge
structure as well as the strains caused by mobile rolling stock become bigger
than in a similar weight or static state; that is that slow placement of immobile
rolling stock of the same or similar materials. The exact calculations of the bridge
dynamics considering all the factors mentioned the vibration of the structure
and possibilities of resonance of the bridge require exceptionally complicated
calculations, which do not yet yield an absolute satisfactory solution. All research
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performed so far, are limited only to certain simplified theoretical cases such as
single force loads, use of insensitive bridge span (for small spans) or avoidance
of the weight of a moving load in relation to large load span (for large span)
[9-11]. These researches give specific prognosis with respect to span behaviour or
span behaviour under dynamic load also point to new directions of research but
have not led to any general accessible (existing) method for dynamics calculations
of bridges.

This is why many countries, to consider the dynamic effects in calculations
in bridges, use coefficients of dynamics ¢ > 1 through which force or moments in
bridges, calculated for static loads in the most severe position of a given element,
are multiplied to account for impact.

Values of the dynamic coefficients given in regulations and codes are mainly
not based on research that is more precise but accepted by tradition, often copy-
ing regulations passed on by other countries, with the simple explanation that
it is satisfactory in the cases of most established bridges. Hence, as long as the
bridge works in boundary of elastic strains, a dynamic coefficient can be ac-
cepted as deflection relations e.g. in the mid-span under the impact of a rolling
load with a required velocity to deflection of the same static load. In regard
to flexible steel-soil structures there are no specifications and guidelines for the
calculation of dynamic effects (e.g. dynamic coefficient, logarithm of damping
decrement, etc.), yet more to a greater extent is the vacancy existing in the
analysis of such bridges subjected to dynamic effects.

Generally, the dynamic coefficient value is related to the so-called critical
speed of the truck and the value of the greatest vibration amplitude that occurs.
This velocity can be calculated using many tests (movement of the same load at
different speeds across the same bridge).

Detailed description of the tested bridge structure was presented in Part I of
this paper.

3. THE RANGE OF CONDUCTED RESEARCH

For the dynamic tests (conducted for the evaluation of effects trucks have on
the magnitude of strains of corrugated plates and their deflections at selected
cross-sections of the shell), two inertial inductive gauges type PEVA 7225 A and
B were fixed at the edge of roadway and reinforced concrete collar and strain
gauges 00 and 01 for strains measurements in the repetitive transversal and lon-
gitudinal directions of the bridge, located on top of the corrugated plates within
the effective span (Fig. 1), the time courses of which have been registered on the
PC computer. In course of the research it was taken to change the measured pa-
rameters of dynamic load diagrams, graduation device, and series of additional
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loads (repetition of the process). In the process of the research, all efforts were
made to keep the route of the car each time the same in order to make it possi-
ble for comparison of results obtained. In the opposite situation, change in the
route of the truck in a cross-section of the roadway makes it possible for direct
comparison of the results obtained.

Schemes of dynamic load have been drawn in such a way to identify:

e inertia effect and speed of moving load,

e state of resonance caused in cycles of moving loads,

e influence of intensive braking of a loaded truck,

e influence of imbalanced threshold and imbalanced road surface,

e natural frequency and logarithm of damping decrement assigned by basic
forms of natural vibration of examined structure span.

DETAIL.A" {400 gggg 400| o Q — Velocity vibration gauges
l i Strain gauges:

v 00~ (in longitudinal direction)
& 01~ (in transverse direction)

Headwater
<
8
o
| b, = 12915 |
} b, = 20574 |

Fi1G. 1. Cross-section of a road bridge situated in Gimén in Sweden together with location
of the gauges serving to dynamic measurements.

During the dynamic research, a truck Scania 500 143H mark was used. De-
tailed characteristics of the truck were given in paper [3].

The speeds of the moving truck on the bridge (used earlier in the static tests
— Part T) were estimated as follows 5, 10, 20, 30, 40, 50, 60 and 70 km/h in
both directions. Measurements of dynamic interactions were taken also when
the truck was moving across threshold of 0.03 x 0.20 m fixed at half way of the
bridge distance perpendicular to the longitudinal axis of the roadway (Fig. 2) and
during its braking (Fig. 3) with various different velocities at different distant
points of the bridge.
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FiG. 3. Passing and braking the Scania vehicle on the bridge with a speed of 60 km /h.
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4. THE METHOD OF STUDY OF TEST RESULTS

Outlining the results of the dynamic tests is exceptionally labour-consuming
and boring, registered values were taken usually in ordinary human handwritings.
A characteristic result of the measurements is the common graph of vibration
and movement and/or velocity and vibration frequency. Interpretation of results
of measurements is difficult and a number of them can be ambiguous (not having
unanimous implication).

The basically parameter obtained is a dynamic coefficient. Characteristic for
it is dynamic load of structure in comparison to static load. It is calculated as
ratio of maximum dynamic strain (or deflection) described as the largest value
of deflection on the graph to maximum static strain (or deflection) described as
the average of minimum and maximum strain on the graph.

The dynamic coefficients calculated from the measurements can be compared
with suitable values given under normal static loads. In formulations of codes,
dynamic coefficient is an additional safety margin and in a specific sense an
artificial increase in the static load which is the basis for designing the structure.
There is a need to consider that such an established coefficient of dynamics refers
to the place where the measurement was conducted. This is why we select critical
points (or places) for examinations, which in the case of a bridge were mid-span,
i.e. the crown.

Based on applied apparatus and accepted test program the final point results
are as follows:

a) Total maximum strains (e}peX), maximum static strains (¢22X) and max-
imum dynamic strains (5(’}‘;;1"), which must not occur simultaneously.
Then, compatible component of static and dynamic strains ought to be

defined.

b) Dynamic coefficients calculated based on strains, e.g. determined accord-
ing to the formulae (4.1)—(4.4), by which the following characteristic cases

exist:
3 : . ( max(i)\ _ _max(i) max(7)
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max(j) EglaX(j)
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Besides, a situation can occur that (eqyn) Will not occur at the same mo-
max(1)
dyn

determined from the following formulae:

max

ment as {0¢%), then (5 ) is applicable, and suitable dynamic coefficients are

gmax(1) 53“”‘(1)
— _total il yn
(4.4) (p4——m(%(7)--—1+;m.

stat, stat

In the case of measuring only dynamic component, maximal value is given
and, if possible its component value in the moment of load movement across the
section in which the point of measurement is situated.

c¢) Natural frequency vibration of the bridge.

d) Logarithm of damping decrement A, which can be calculated from the
formula (4.5):

(4.5) A:lz:ln—y"—;

in which: €; — ¢ — that particular amplitude of strain; €;4; — (i+1) amplitude of
strain; and r — total number of constituents.

In the case of measurement of displacement, the above given characteristics
are determined based on their measured values in given time.

5. RESULTS OF THE RESEARCH

Some of the graphs obtained from the strains and vibration velocity courses
in time as well as the corresponding velocity frequencies of the truck in its various
crossings are presented in Figs. 4-7. In all, 24 dynamic load schemes were realized
(I-XX1V) [3].
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Fic. 4. Courses of the: a) and b) strains in time, c) and e) velocity of the vibrations in time
and d) and f) answering them the frequencies of the vibrations of the structure during
passing the vehicle with a speed of 20 and 30 km/h in both directions.
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Fi1G. 5. Courses of the: a) and b) strains in time, c) and e) velocity of the vibrations in time,
d) and f) answering them the frequencies of the vibrations of the structure during passing the
vehicle with a speed of 60 and 70 km/h in both directions.
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F1c. 6. Courses of the: a) and b) strains in time, c) and e) velocity of the vibrations in time,
d) and f) answering them the frequencies of the vibrations of the structure during passing the
vehicle by the threshold with a speed of 40 and 60 km/h in both directions.
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F1G. 7. Courses of the: a) and ¢) velocity of the vibrations in time, b) and d) answering
them the frequencies of the vibrations of the structure during passing and braking the vehicle
with a speed of 40 and 60 km/h in both directions.

6. RESULTS ANALYSIS

Analyzing the obtained graphs, the vibration velocity in time as well as the
amplitude values and natural frequencies of steel shell of the bridge during the
passing of the truck it was confirmed that:

1. The largest amplitude of velocity vibration measured in measurement point
A amounted to v4 = 0.252 m/s with the vibration frequency equal to
fa = 7.312 Hz, and in the point B, the amplitude of velocity frequency
equals vg = 0.169 m/s with a frequency fp = 8.437 Hz, which was simul-
taneously obtained during the passing of the truck with a speed of about
70 km/h from the direction of Holm to Brécke (Fig. 5e, f).
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2. The largest vibration velocity amplitude of the shell structure was no-

ticed at point B during the passing of the truck across threshold placed
on the bridge. It was equal to vg = 4.36 m/s when the vibration fre-
quency fp = 11.375 Hz, whereas at point A vibration amplitude vq =
3.55 m/s with a frequency f4 = 7.125 Hz. These results were obtained
when the truck was passing with a speed of 40 km/h from Holm to Bracke
(Fig. 6c, d).

. During passing and braking of the truck on the bridge, the largest vibra-

tion velocity amplitude vp = 0.141 m/s with vibration frequency fg =
17.125 Hz. It was obtained at point B during the passing of the truck
with a speed of about 60 km/h whereas for this same speed of the truck
at point A, vibration velocity amplitude v4 = 0.112 m/s with frequency
fa = 7.562 Hz (Fig. 7a, b).

Analyzing the extreme graphs of amplitude and vibration frequencies obtained
from the strains measurements values of the steel shell of the bridge, it was
confirmed that:

1. The largest dynamic strains in the bridge shell measured at point 00 in

longitudinal direction of the bridge e,y = 141x107% with maximum total
magnitude range of deflection (positive and negative) Ae,q = 158x 1079,
which is o = 32.39 MPa, therefore at point 01 strains in the longitudi-
nal direction of the span were e,4 = 56.5x107%, and their suitable range
Aezq = 82x107° which is equivalent to o, = 16.81 MPa, that was obtained
during the passing of the truck across the bridge with a speed v = 20 km/h
(Fig. 4b).

. During the movement of the truck with a speed of 60 km/h within thresh-

old, the largest strains was registered at point 00 which was Epd — 2601075,
their maximum range of (both positive and negative) Ag,q = 277x10°°,
what complies with o, = 56.78 MPa, whereas at point 01 ;4 = 82x107°
complies with Aezg = 102x1075, and o, = 20.91 MPa (Fig. 6b).

. Based on unit strain measurements obtained in both directions Eyd and g4,

magnitudes of dynamic coefficients were calculated ¢ = ¢4 / €s as maxi-
mum dynamic strains €4 to static strains e, in longitudinal or transverse
direction, read from the graph of all the dynamic and static load diagrams,
as set up in Table 1. Their maximal values are 1.47 for the loaded truck
with a speed of 60 km/h, 1.26 for the truck passing across threshold placed
on the bridge with speed of 60 km/h as well as 1.25 during braking of the
truck, also with speed of 60 km/h. From this it can be admitted that in the
case of this particular bridge, the speed of the moving truck v = 60 km/h
was critical speed ver. The obtained dynamic coefficient values based on
the research were compared to values obtained from calculations done from
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the formula (6.1) in agreement with the standard of PN-85/S-10030 (as set
up for road bridges), in which, L is effective span of shell:

(6.1) ¢ =1.35 — 0.005L = 1.35 — 0.005 x 12.315 = 1.288 < 1.325.

4. The logarithm of damping decrement A for all the dynamic load schemes
was calculated from the formula (4.5). It affirmed that the damping values
were in the limits from 0.037 (scheme V) to 0.427 (scheme XVIII) — Table 1.

7. FINAL CONCLUSIONS

Practical experiences obtained from the dynamic tests of bridge, which were
continuations of already conducted static researches (Part I), carried out with
the intension of gaining the complete view of the behaviour of bridges and how to
find new constructional solutions to them, the observations on the structure span
functions as well as comprehensive analysis of obtained results and their com-
parison with calculated results allow for formulation of the following conclusions:

1. Based on dynamic coefficient values ¢ determined for all the load variances
[-XXIV, which were obtained from strains at characteristic points and cross
sectional sections of the span, as well as deflections obtained from three different
points of shell structure [3], have been determined, among other things, the
critical speed (ve, = 60 km/h). It was also noticed that the values of dynamic
coefficients were 3-22% lower (Table 1) than values calculated in accordance
with the Polish Standard of the load values in PN-85/S-10030, with exceptions
to seven load schemes (I, III, IV, V, IX, XIV, XV). It should be clearly mentioned
that the calculated dynamic coefficients were accepted just as if the traditional
road steel bridges (which in the experimental tests obtained mainly much lower
values), whereas normal regulations in this range (in Poland as well as Sweden)
do not yet relate to the new ways of design of the new structure.

2. It was noticed that the dynamic coefficient values are different depending
on the type of element, dynamic load scheme, speed of the loaded moving truck
and above all, on the location of the point of measurement on the bridge shell
(Table 1).

3. Based on dynamic tests of bridge as well as on additional analysis of theory
it seems sensible that the normal values of dynamic coefficients for the steel-soil
bridge structure could have got a bit bigger values especially due to the fact
that such structures are susceptible and sensitive to dynamic loads and loss of
stability particularly in the first phase of their construction as well as in the early
stages of their service, which was also observed in the first stage of the research
on this particular bridge under the load of backfilling [2]. This conclusion repeats
itself in several other experimental researches on bridges of these types [5, 7, 8].
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Growth of the normal values of dynamic coefficients for these bridge structures
increases safety at various stages of its construction and in their exploitation, and
which as well leads to a more rationality in their design and their application.
Under normal circumstances, backfill exists in this type of structures and often,
as well, stiff reinforced concrete relieving slabs and spreading the load over a
larger surface area and on the road structure in su1table thickness, which much
reduces dynamic impact on the bridge.

4. In the process of the research on dynamic load effects on bridges, no obser-
vation of disfunction of the steel structure under different load schemes was made
even sudden braking and in the moment the truck was moving across threshold
with simultaneous application of break. Only during some of the movements of
the truck across threshold and simultaneously braking, the results obtained (ve-
locity amplitude and vibration frequency) from velocity vibration gauges could
seem too large in comparison with results obtained in researches made in typi-
cal steel bridges [12]. Putting into consideration however, certain rough surfaces
occurring on the contact with the gauge — the road surface as well as the type
of structure under examination and also nearness of the truck in relation to the
installed gauges which could have had certain influence on the obtained results,
did not create any dangerous effects on the bridge, especially as their values did
not exceed the calculated values [3]. Wide range of dynamic tests conducted on
led to versatile effort and evaluation of the elements in the shell structure of this
bridge. Final conclusions confirmed the observations taken from the research un-
der static load. In effect, total analysis gave rise to basis on which the bridge was
qualified for normal service in accordance with the Swedish standards in bridges
(and the standards of Poland) [3].

The above summary and final conclusions refer to a structure span of given
geometrical characteristics and rigidity of various elements as well as specified
effective span. In order to be able to directly apply the results obtained in the
research of dynamic load effects on bridges (among others, dynamic coefficient ¢,
critical speed vey., logarithm of damping decrement A) to other types of bridges,
additional research must be conducted on other bridges, consisting mainly of
spans with different geometrical longitudinal section, different backfill thick-
nesses, various kinds of steels of different span structures as well as different
proportions of rigidity of various elements e.g. different types dimensions of cor-
rugations, and its reinforcements.
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