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Abstract

The cantilever concreting technology is one of modern methods of constructing the concrete
long-span bridges. The fundamental features of this method are saving of materials and of
construction costs (especially of scaffolding and of formwork) and first of all a possibility of
carrying out the construction of the span in many spots at the same time. The negative feature
of these bridges is a large long-term deflection of the bridge, as a result of rheological processes
in the concrete and in the pre-tensioning steel. Deflection measurements at the mid-span
indicate a visible lowering of the grade line of the bridge span, already after few years of service.
The calculated flexibility can be useful in analyses of long-term (rheological) changes in
concrete bridge structures. It is a complement to the term bridge stiffness used in the case of
momentary (short-term) loads, including dynamic actions.
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1. INTRODUCTION

Concrete bridges with long spans, built using the cantilever method [9, 13,
17, 18] are analysed in this paper and have a characteristic appearance (Figure 1).
The changes in their height and the geometric parameters of their cross section
were adjusted to the construction method.

The cantilever system and the loading configuration adopted at the
construction stage [13] cause the classic structural system in the form of a tapered
box girder as shown in Figure 1.
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Figure 1. Geometry of Kedzierzyn-Kozle bridge [9].

The analysis assumes, that the dead load resulting from the cross-sectional
area changes only to a limited extent. The weight of the secondary components in
this case is identical along the whole length of the bridge. The overall result of
the loads is a uniformly distributed force with magnitude g.

In some bridges built using the cantilever -cast-in-place segmental
construction- method the increasing deflections of the span are of major
significance [2, 6, 7, 8, 9, 10, 11, 19, 20], as in the example shown in Figure 2.
This phenomenon often occurs in the case of a triple-span structural system with
the short spans adjoining the main span [3, 4, 13].
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Figure 2a. Increment in in-service deflections of Stgvset bridge [8, 13].
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Figure 2b. Increment in in-service deflections of Stavset bridge [8, 13].

The numbers of the time intervals between the reference measurement (0)
and the analysed measurements (1-9) are given in the diagram’s legend (Figure
2b). The bridge was built in October 1993 and the reference measurement was
taken on 22.02.1994 on the last in the 2001 (Table 1) [17]. Corresponding to that
results (Table 1) the deflection in the middle of the span between the first (0) and
the last (9) measurement is like ca. 150mm.

Table 1. Times at which Stgvset bridge grade line measurements were taken

Number | 0 1 2 3 4 5 6 7 8 9
Year 1994 | 1994 | 1995 | 1996 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001
month 02 07 08 06 10 06 06 06 06 06
Day 22 07 15 04 02 25 16 23 21 13

In this case is taken, that this change (progress) of deflection results from
the rheological processes, which are principal determined by the uniformly
distributed force (permanent load) g [13, 19, 21]. This corresponds to the two
major factors:

- the structural system, and
- the distribution of stiffness along the span.

In the further part of the paper will be showed, that the flexibility of the object
corresponds to those major principles and can be useful in analyses of long-term
(rheological) changes in concrete bridge structures.
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2. CHARACTERISTIC DISPLACEMENTS OF INTERIOR SPAN

An example bridge (Figure 2) with a structural arrangement and
deformation as shown in Figure 3 is considered below. Assuming the structure
and the load to be symmetrical and considering the line of deflection of the spans,
a half of the structure was used in the computational model. The displacement
method [13] was applied to the model. Deflection w and two angles of rotation ¢
and y over the supports were the sought quantities. The main problem is the
deformation of the main span with length L = 2a. The spans are loaded with a
uniformly distributed force with magnitude qg.

H"" l l' i 1 l i

Li-a Li2=a Li2=a

i S S

Figure 3. Deflection line with characteristic displacements of spans

In terms of parameters, the computations yield the deflection at the mid span of
the main span
qa*

W= Cy (1

where: w — deflection of the mid span
q — uniformly distributed force
a — half of the span length (L)
E — Young-modulus
| — moment of inertia,

and angle of rotation ¢ from which the value of w, shown in Figure 3 is calculated
as follows
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qa
W(p:go-a:CF.? (2)
where: w_ — deflection of the mid span from the rotation of the span

@ —angle of rotation

a — half of the span length (L)
q — uniformly distributed force
E — Young-Modulus

| — moment of inertia,

In formulas (1) and (2) EI stands for bending stiffness at the mid span of
the main span, i.e. in node k and over support i of the end span. For the calculations
the moment of inertia was assumed to change parabolically in the segment
between nodes j and k, identically as in the adjacent segment with length a. A
constant part occurs in both the displacements. Quantities w and c fare the
variables in this solution. Further in this paper they will be referred to as the results
of the parametric analysis. They are characteristic quantities representing the
deformation of the interior span as shown in figures 1, 2 and 3. The value of c¢
indicates the contribution of over-support angle of rotation ¢ to the deflection at
the mid span of the main span. This deflection is of major significance, as
demonstrated by exemplary analyses and test results [13] and also in Figure 2.

3. MOMENT OF IERTIA FUNCTIONS

Many factors are considered when selecting the lower line of the span
structure. One of them are the bridge’s aesthetic qualities [6]. The designed
appearance (shape) of the bridge is determined by the kind of material used for
the reinforced concrete or prestressed concrete structure and by the construction
method [1] In the case of long-span concrete bridges, also the length (L) of the
main span has a bearing on the height proportions. Consequently, moment of
inertia functions I(x) differ between bridges.

The coefficients of stiffness were calculated using changes in moments of
inertia in the form of the function

I(x) =1 [1 +(3m-1) (g)z] (3)
where: | — moment of inertia

n —stiffness ratio
a — half of the span length (L)

where n is defined by the stiffness ratio
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I 1
n=1k_-1 (4)
Ij 7.8
where: n —stiffness ratio

| — moment of inertia,

while the location of the section is expressed as x/a.
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Figure 4. Moment of inertia functions

Figure 4 shows the shapes of function /(&) when n = 1/8 and n = 1/9. The
graphs were compared with the results obtained on the basis of the cross-sectional
geometry of the bridge shown in Figure 1. The comparison shows a good fit
between the respective functions. Direct calculations, in which the design
moments of inertia are used, yield overrated results.

4. DEAD LOAD FUNCTIONS

In bridges built using the cantilever method the cross-sectional area
changes regularly, as a result of initially changes in height and then changes in the
thickness of the bottom slab of the bridge. Figure 5 shows how dead load g(x)
changes relative to its value in the key (gk) as in the formula

gx) _ AX)
= —= — 5
() =42 = 4o ©)
where: r(x) — relationship between unit strains &(t) and normal stresses o(t),
g — dead load

A — area of the cross-section
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Figure 5. Dead load function.
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Figure 6. Parameter c,, versus end span lengthL1.

The calculation results for the bridge as in Figure 3 when n = 1/8 and the
variable parameter is Li/a are compared in Figure 6. The comparison of the two
curves shows that they fully agree with relation g/q = 1.05 when Ly;=a and relation
g/q = 1.09 when L; = 3a/2. Thus the results reported further in this paper for
uniformly distributed load g can be regarded as applying to dead load g.

5. TRIPLE-SPAN BRIDGE CONFIGURATION

An example bridge structure as in Figure 2, whose load diagram is shown
in Figure 3, is considered below. End span length L; = a was assumed in the
calculations. Thus, the structural system consists of two identical parts (repeated
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symmetrically on the other side of the computational model). The variable in this
analysis is the bending stiffness ratio in nodes j and k, as the parameter

_ Bl _ EI
" El;  Elj (6)
where: n- bending stiffness ratio

E — Young Modulus
| — moment of inertia,

The change in stiffness along a segment with length a is discussed in the
next section of this paper.

Figure 7 shows the calculation results in the form of parameters ¢
contained in formulas (1) and (2). The diagram’s legend shows subscripts w and
F from the formulas. The range of change in parameter n applies not only to
bridges built using the cantilever method, but also to bridges with a constant
cross section when n = 1. Intermediate cases are applicable to any bridges.
There are no constraints imposed on interior span length L (and the length of the
end spans: L; = a).
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0.06 +—
0.05 14—
0.04 +—

0.03 4—

parametr c

0.02 4—

0.01 +

0.00 - I 1 ! 1 L1 I 11 -
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Figure 7. Displacements versus stiffness in intermediate pier zone.

The graphs show a considerable reduction in displacements in the case of
spans with haunches. The high value of the angle of rotation over the intermediate
pier is of major significance here. This is consistent with the measurement results
presented in Figure 2. In the special case of a beam with a constant moment of
inertia when n =1, one gets
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13 qa*
w=—:—
192 EI

where: w —deflection of the mid span
a — half of the span length (L)
E— Young Modulus ,
| — moment of inertia,

and
_ 10 gqa’
T 192 EI
where: @ —angle of rotation

g — uniformly distributed force

(7)

(8)

Thus, the main cause of the considerable deflection is angle of rotation ¢, as in

Figure 3. For comparison when n = 0.12, one gets much lower values
_ 503 gqa*

192 EI

where: w- deflection of the mid span
g — uniformly distributed force
E — Young Modulus ,

and
__ 357 qa®

192 EI

where: @ —angle of rotation
q —uniformly distributed force

9)

(10)
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Figure 8. Displacement versus end span length Li/a = 1. (parameter)

The calculation results for n = 1/8 are presented in Figure 8. When 4 = I,
the result is consistent with the diagram shown in Figure 7. When 4 > [, a half
of the end span is parabolically hunched (as between nodes j and k), whereas the
remaining part has a constant height, as in Figure 3. The diagram’s legend
shows subscripts W and F from formulas (1) and (2). The graphs (Figure 8)
show a considerable reduction in angle of rotation ¢ with increasing span length
L, and the resulting considerable changes in deflection. In the example given in
Figure 2 there is ratio Li/a = 1 = 0.91. It appears from the diagram shown in
Figure 8 that this results in considerable deflections and a considerable angle of
rotation. Therefore, to limit the deflection of the interior span it is important to
use ratio L;>5a/4.

A negative example of the propagation of excessive deflection is the Koror-
Babelthaupt bridge (Figure 9) with span length L = 241m and very short end spans
Liata~0.4][1, 12, 19]. After 12 years of service life the displacement amounted
tow = 1.2 m. After 18 years of service life, it increased to w = 1.39 m and
repeatedly exceeded the allowable value. The strengthening of the structure by
means of a secondary prestress ended in failure and after a short in-service period
in a collapse. A detailed analysis of this case was presented in [18].
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Figure 9. View of Koror-Babelthaupt bridge.

6. FIVE-SPAN BRIDGE CONFIGRATION

Previously the bridge structural system was considered in a triple-span
configuration as shown in Figure 2 and 3. Figure 1 shows a symmetrical five-span
bridge configuration. In this case the end spans have a constant length (and a
constant moment of inertia). In the formulas the lengths of the end spans (L)

relative to the main span are expressed by the parameter
L, 2L,

ﬁ:;:— (12)

L
where: a — half of the span length (L)
L — bridge span

The calculation results for the bridge configuration as in Figure 1 are
presented in Figure 10. Span length ratio L,/L; = 0.7 was kept constant. Thus in
this calculation example both a and $ are variables, but at constant proportion j
= 0.7a. The results presented in Figure 8 indicate an increment in main span
deflections, caused by the appearance of a deflection directed upwards the
intermediate span. This applies to the case of short span lengths L; and L,.
Therefore, the consequence of the adoption of a five-span system is an increment
in the deflection of the main span. This also applies to multi-span systems. If the
length of the intermediate span increases considerably, i.e. when L;> 5a/8, a
considerable reduction in deflection occurs, similarly as indicated by the results
presented in Figure 8.
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Figure 10. Displacement versus end span length.

Both the computational model shown in Figure 3 and the solution assume that
there will be two double cantilevers made over support j. This means that in
viaducts, i.e. multi-span systems with a repeatable structure, there occur
repeatable span lengths L = L; = L, = L;. Because of the symmetry one gets no
rotation over the support, i.e. ¢ = 0. Consequently, for a larger number of spans
built using the cantilever method a greatly simplified computational model is
used. Thus, the deflection depends solely on the stiffness ratio represented by
parameter n, as in formula (4). Figure 11 shows a diagram of the deflection. When
n =1, i.e. when haunches are absent, one gets
8 qa*
w=—:"— (13)

" 192 EI

while when n = 0.1, the deflection diminishes to

_ 244 ga*
"~ 192 EI (14)

The above example refers to the bridge shown in Figure 8, where the support is
constructed as rigid. Such a system makes it impossible for angle of rotation ¢
(Figure 3) to form. Despite this constructional solution, the increment in
deflection resulted in the excessive deflection of the main span. This case is
analysed in detail in study [19].
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Figure 11. Deflection at midspan versus stiffness over support.

7. CONCRETE BRIDGE FLEXIBILITY FUNCTION

In this paper the maximum deflection (w) of the main span is analysed as
resulting from the dead load in the form of a force with magnitude g, uniformly
distributed along the whole length of the bridge. The flexibility of the bridge under
the steady load is expressed as a ratio of the maximum deflection of the main span
to the load, as in the formula

a4-

f=t=cwy (15)

Thus the previously considered values of coefficient ¢, from formula (1)
are the bridge’s characteristic (unfactored) static load values. The value of this
coefficient takes into account the structural system of the bridge and the variation
in the geometric parameters of the cross section along the length of the main span.

For example, the flexibility of the bridge shown in Figure 1 for the results
presented in Figure 10 at A = 75/70 = 1.07 amounts to

f=0027—""_ =1483 [m?/MN] (16)

43.72-10%

Span stiffness E1=43,72*104 takes into account the bridge material.
Parameter n takes into account the distribution of main girder stiffness and the
load diagram covering span lengths L, L; and L,. Whereas the value of f does not
comprise the individual characteristics of the bridge. The unique cast-in place
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segmental construction and the phased prestressing of the segments are not taken
into account. Of major importance are the rheological characteristics initiated by
the bridge construction process.

The monitoring of the grade line of concrete spans [3, 8] reveals changes
in deflection during the service life of the bridge (Figure 2). This means that w(t)
is a function with time domain t. Under identical constant load g and g and at
invariable span length L and moment of inertia I(x), assuming slight changes in
E(t), the changes in bridge deflection can be expressed by the following
compliance flexibilityfunction

flo =22

g+q (17)
where: w(t) — change of deflection of the mid span

g — dead load (self-weight)

q — uniformly distributed force (equipment)

Thus, the bridge flexibility is a time function. As a result of the primary
prestressing (during construction) and the secondary prestressing (after joining
the cantilevers together) of the bridge structure a marked reduction in deflection
(caused by the dead load) occurs. According to formula (17) and the measurement
results (Figure 2), the bridge’s flexibility is subject to increase as a result of the
rheological processes taking place in the concrete [1, 2, 13, 15, 17], especially as
a result of the creep of the concrete [16, 19, 5]. Of major importance are the
reduction in the prestress force and damage (cracking) to the concrete.

Measurements are usually conducted after secondary components are
installed, i.e. after q(t) reaches its full value. This means that function f(t) is
created beginning with the reference measurement when advanced rheological
processes take place in the structure’s concrete and prestressing steel as a result
of the construction process. In the case of the analysed bridge (Figure 1), when on
the basis of surveying measurements, one gets the deflection diagram as shown in
Figure 12, after the weight of the secondary components(q) and the dead weight
(g) are determined one can represent the change in the flexibility of the bridge. In
the case of the considered exemplary bridge when g = 0.231 MN/m and g = 0.035
MN/m, from formula (17) one gets the value at the end measurement time

_w® _ 016 _ 2
f(ty) = vre 0266 0.6015 [m*/MN] (18)
where: w(t) — change of deflection of the mid span

g — dead load (self-weight)
q — uniformly distributed force (equipment)
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Since the measurements are performed on the bridge being in service, the value
calculated above is related to the reference measurement. Hence when w(t,) = 0,
one also gets f(t,) =0. Function f(t) is created on the basis of the results of
measurements, but it can also be obtained through complicated computer
simulations [18].
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Figure 12. Deflection of bridge as in Figure 1 over time.

Considering formula (17), the graph of function f(t) is similar to that of deflection
W(t) shown in Figure 12. This means that the two graphs represent the bridge’s
individual characteristics obtained from the bridge grade line measurement
period. Graph f(t) is similar to that of creep graph C(t) and its values are influenced
by the static system and the previously determined parameter c,.

8. SUMMARY

Deflection w of the main span with length L under uniformly distributed
load g was analysed in this paper. The basic variable parameter was the change in
moment of inertia I(x) along the length of the main span and the adjoining spans.
Several structural systems used in bridges built using the cantilever (cast-in-place
segmental construction) method were considered. Owing to the parametric form
of the solution the results of the calculations also apply to other bridges. The
results of the analyses presented in this paper can be used to reduce the rheological
effects in designed concrete bridges.

The solution in form (1) provides the basis for formula (15) for bridge
flexibility calculated using bridge load diagram characteristic value cw. The
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calculated flexibility can be useful in analyses of long-term (rheological) changes
in concrete bridge structures. It is a complement to the term bridge stiffness used
in the case of momentary (short-term) loads, including dynamic actions.

Geodetic measurement techniques are useful for analysing the time-varying
flexibility function. The analyses indicate that bridge monitoring results can be
used in the case of bridges showing considerable deflections (as in Figure 2) right
from the beginning of their service life. The deformation function is used to
predict bridge deflections in the course of the further service life.
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