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Abstract: The algorithm presented in this paper concerns
the processing of data in the form of coordinates of
measurement points located around the structure
periphery, obtained from the geodetic measurements. The
geometric parameter used here to study the deformation
of the steel shell is the change of curvature. It is used to
estimate the bending moment and hence the normal
stress in the corrugated steel shell. The results given in the
examples of calculations of the analyzed structure show
the possibility of determining places with extreme values.
For this purpose, a dense layout of measuring points
and use the precision geodesy technique is necessary.
Of significant importance in stress estimation is the
correction of the geodetic measurement base. This is due
to the fact that the points in the initial measurement do
not lie on a section of the circle as a reference curve, used
to determine the deformation of the shell.

Keywords: Soil-steel structure; geodetic measurements;
strain-gauge measurement; deformations; internal forces

1 Introduction

The buried bridges are considered competitive structures
being a cost-effective alternative to concrete bridges with
similar span sizes. This frequently stimulates designers
to push their limits and expand the different areas of
application including its performance. This also implies
thatmost design methodsare continuouslybeing developed
to address new market challenges and at the same time, to
seek for better design and construction. Despite being in
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existence for several decades, soil-steel bridges are usually
designed by using simple analytical methods. Their rapid
development and reaching ever larger spans require the
use of more and more advanced computational tools, often
with the use of FEM. Advanced computational techniques
allow designers to calculate structures with asymmetric
backfill, especially taking into account linearly variable
backfills [23] (so-called sloping terrain). Such topography
is common in mountainous areas.

Large-spanstructures are more sensitive toasymmetric
backfilling, which is why undesirable deformations may
occur faster. So far, structures with record spans have been
subjected to detailed monitoring with the use of electro-
resistant strain gauges which, by measuring strains, have
provided information on the level of stresses. On the basis
of stresses, the level of utility of the structure was set and,
at the same time, the structure’s status was set as safe or
not.

Strain gauge measurements, however, are quite
expensive and make it possible to calculate internal forces
only at measuring points. Measuring techniques using
optical fibers provide a continuous picture of changes in
internal forces, but they are still too expensive. Both the
aforementioned measurement techniques require the
involvement of scientific units or research institutes in the
research project because only such units have specialized
personnel and advanced dedicated equipment with
software. The method described in this paper allows
for estimating safety on the basis of simple geodetic
measurements. It is fast, does not require any specialized
equipment, and gives results consistent with those
obtained on the basis of strain gauge measurements.

2 Subject of research

The structure presented and analyzed in this paper
was built in 2020 in Ras Al Khaimah in the United Arab
Emirates. For now, it seems to be the largest (in a term of
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Figure 1: Grade separation during construction — general view.

span) corrugated steel buried bridge in the world [5]. The
geometrical parameters of the structure are as follows:
span L = 32.64 m, rise H = 9.57 m, and crown radius R =
29.68 m, corrugation type UltraCor 500 x 237 x 12 mm.

This paper presents the results of monitoring of
buried structure during its construction stage. Geodetic
techniques and strain gauge measurements were used
to monitor the shell deformations [1]. For the analysis
of the changes in the steel shell, the radius of curvature
was taken. This allows for estimating the bending effects
around the periphery of the shell. This can be achieved
when comparing the shape of the structure after assembly
to its initial form. The algorithm of the analysis presented
in this paper is based on the changes of the coordinates of
measurement points.

The simplest and very effective form of monitoring
which is applicable for buried soil-steel bridges is the
geodetic total station survey as shown on Fig. 1. This type
of monitoring is sufficiently accurate due to the expected
quite big structure deformations. Here, we are talking
about changes in geometry for both, construction and
operation stages..

When tracking the position of measurement points
located around the structure’s periphery, we can analyze
the change of its geometry. Determined in this way, the
form of deformation can be successfully used for the
estimation of internal forces [1, 4].

In the case of individual structures and sometimes
during live load tests, the strain gauge measurements are
also used. They are commonly used for direct estimation
of internal forces. They can be also used to calculate
the form of deformation using the numerical algorithms
discussed in [1, 3, 4, 8, 9].

Such measurements can be successfully used to
determine the contact interactions [1, 9, 10, 11], that is, the
forces between the steel shell and the surrounding soil as
shown on Fig.2.
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Direct pressure measurement is performed with the
use of soil pressure gauges [12]. Therefore, depending
on the function of the soil-steel structure as well as the
geometrical parameters (e.g extremely large spans),
various monitoring techniques are used. In this paper,
the transformed results of geodetic measurements will be
compared with obtained strain gauge measurements.

3 Process of deformations during
the structure construction stage

In order to maintain assumed in the design process
structure geometry, it is essential to control the backfilling
process.[1]. It is especially important for flexible
structures made of corrugated steel plates when the spans
are reaching the limits. Predicting the shell deformation
based on the numerical analyses is difficult because the
results are extremely sensitive to the backfilling procedure
and also seasonal breaks [1, 13].

Fig.2presents the example of a regular double-
hinged arch structure with radius R founded on rigid
footings. Results of the analysis presented in this paper
are concerned with the construction stage where z,
represents the level of backfilling as shown on Fig.2. The
stage when the surrounded soil was placed to the level of
z, was analyzed. It was also assumed that the geometry
is symmetrical. The interaction of soil is represented by
contact forces: normal p(¢p) and tangential t(¢).

Steel shell deformation that occurred during the
construction process of the bridge can be described by
two characteristic deflections shown in Fig.2 There is
upward deflection of the crown point (w) called peaking
and horizontal narrowing of the haunch points (2u).

The proportions between the deflections of wand
2uin the process of placement of the surrounding soil are
changed [1, 4, 14, 15]. Both components of displacement
of the measurement points in this paper are presented as
radial displacement r.

Fig. 3 shows the layout of measurement points
around the structure periphery, which is used for geodetic
surveys. Table 1 presents the results of measurements of
the structure crown point displacements at characteristic
stages of construction, depending on the backfill level z,.
The differences in the backfill thickness included in the
last line relate to the intended, asymmetrical deformation
of the coating, which is shown in Fig. 4. Asymmetrical
placement of the backfill layers is used in the case of
twin structures [13], and the soil interactions are not
symmetrical [44]. From the results presented in Table



$ sciendo Shell Deformation During the Construction of Record Span Soil-steel Buried Structure in RaRas-Al-Khaimah (UAE) =—— 199

a) contact interactions

i h
o
i
) ¢
b) shell deflection Lo
X
Figure 3: Scheme of examined structure.
Table 1: Components of displacements of points No.9 and 11.
Construction Stage A B C D E F
w (mm) 9 34.7 92.3 28.8 -46.8 -89.4 -116.3
11 19.6 -7.9 -55.2 -116.9 -143.2 -164.7
u (mm) 9 -4.5 15.3 4.3 5.1 3.3 3.2
11 2.1 33.5 23.9 29.2 26.7 25.7
zg(m) 7.54/7.25 9.78/9.99 10.44/11.04 10.48/11.32 11.07/11.92 11.73/12.32

Date 25.09 01.11 08.12 15.12 31.12 15.01
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Figure 4: The steel structure radial displacements functions (analyzed section).

1, it can be seen that the horizontal displacements are
very small, but larger near point No. 11. This can be also
observed in the displacement in the radial direction.

Plots presented in Fig. 4 show the diagrams of
displacements of points transformed from the components
w and u to the radial direction r. The results were obtained
from geodetic measurements for the characteristic five
stages of backfilling z, as presented in Table 1 (marked as
A, B, V4, E). Different backfill levels as presented in Table 1
were used on both sides during the construction process due
to the use of twin structures [13]. For this reason, there was
an intended lack of symmetry of the structure deformation
during backfilling. In the case of the buried steel-soil
structure with the largest span in Poland of L=25.724 m built
in Ostroda (Poland) (corrugation UltraCor 500 x 237 x 9.65),
the deformation symmetry was preserved [11].

4 Estimation of the steel shell radii
of curvature

To study the deformation of the steel shell, the change in
the radius of curvature at the selected points of the shell
[1, 14] is taken into account. Fig. 5 shows a scheme of
the location of any of the three chosen (adjacent) points
(data obtained from geodetic surveys), highlighting the
central point C. The coordinates of these points are read
by the geodetic measurements and are set in any chosen
Cartesian system G. The result of the analysis is the
determination of the radius of curvature R as the distance
between the origin of the coordinate system O and the
measurement points A, C, B. In the case of the section

CO, this distance which is the radius of curvature can be
calculated using the equation

Point O is determined as a result of parallel transformation
from the geodetic coordinate system G(x,z) to
computational O(x ,z ), defined by the equations

2 2
XoG = 2
Zca XeB T ZcB Y4

and

2 2
_ CA 'XCB _CB .xCA
Zog = 3)
Zeq Xep T ZeB " Xeu

In both equations(2) and (3), there are geometrical
relations between the measurement points A,C,B in the
geodetic coordinate system G. The distances between the
measurement points are

CA* =CG* - 4G*, (%)

and

CB? =CG* - BG> (5)
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Figure 5: Calculation scheme of the circumferential section of the shell.

The scheme presented in Fig. 5 shows that points A and
B are randomly selected in relation to the central point C
selected as analyzed. Therefore, in the case of numerous
measurement points around the structure periphery, as
shown in Fig. 3, any sets of points A and B are possible.

5 Transposing the measurement
base to the segment of a circle

By its very nature, measurement points used for geodetic
surveys are not regularly arranged on the segment of
a circle with a given theoretical radius R, as shown in
Fig. 3. The curve formed from these points is not ideally
located in the central axis of the steel shell. The distances
between the points are not equal, which results from the
physical connections of the corrugated plates. Therefore,
from the technical point of view, the coordinates of the
measurement points do not satisfy the equation of the
circle with the designed R value.

After assembly, the steel shell does not, as a rule, form
a perfect circular shape. During the backfilling process,
when the peaking-up effect is expected for keeping the
structure’s designed geometry, it is not effective even
when the self-weight deflections are relatively easy to
determine. This is common due to the quite complex
geometry of the steel shell and also the connection
slippage. In the construction process, the deformation

of the steel structure results from the technology of
placement and compacting of the engineering soil
material, and hence, the contact interactions between the
soil and steel structure are randomized. This is the next
reason for the deviations of the measurement line from
the theoretical shape.

In this paper, to determine the radius of curvature,
the coordinates of the measurement points are used. The
circumferential strip line (curve) formed in this way is
essential. The inaccuracies of mapping the geometry of
the shell based on the insitu measurements are corrected
as shown in Fig. 6, as in the case of selected point D.

Fig. 6 shows the scheme of the measurement points
system, where the deviation value in the radial direction r
of this point is calculated from the equation

2 2
_l x0D+ZOD —R (6)

2 R

To determine it, equation (1) and the global radius R of the
analyzed section of the structure were determined based
on coordinates A, B, and C. Assuming different locations
of these points, many values of r are obtained. This
results, of course, from the fact that the shape of the steel
structure defined by the coordinates of the measurement
points is not a perfect segment of the circle. If this were the
case, we would obtain the same r values regardless of the
selection of measuring points.



202 —— Czestaw Machelski, Piotr Tomala

Figure 6: Correction of coordinates of point D.
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Figure 7: Correction of the location of measurement points around
the structure periphery.

Fig. 7 shows the r values treated as a correction of
the position of the base of measuring points (reference),
when a constant value of R =28.443 m was assumed along
the entire periphery. The R value was adopted from the
analysis of many A C B point sets, following the principle
that the r values should be minimal. If only one of the
considered sets of points A C B were to be used, the values
of r in these points would be zero by default. It can be seen
from the graph (see Fig. 7), that the r values are small and
also unevenly distributed. However, they significantly
affect the R values when points A and B are directly
adjacent to point C.

Fig. 5 considers the case of the creation of symmetry
from the location of points A and B, when all three points
(also C) are located on a circle with radius R. The segment
AB (the arc chord) is divided into two equal parts with the
values of E. The division point of the arc is spaced with
sagitta F. Such a system of points satisfies the equation
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of an equilateral triangle inscribed in a circle with a given
radius R, as in the equation

2 2
R:% . 7)

The methodology of calculating R [1, 11] based on
equation (11) does not allow for direct determination of R
(F = 0) because when the chord length AB is small, that
is, when F > 0 and E - 0 simultaneously, unstable results
are obtained. So, it remains to extrapolate the radius of
curvature. The accuracy of such estimation is greater
when precise geodetic measurements and a dense layout
of measurement points are used. It is also necessary to
correct the coordinates of the measurement points.

The curve fitting (adjustment to the circular form
of an arch) of measurement points should be treated as
a computational procedure only. Such a treatment is
effective to reduce artificially generated local effects [13].
Coordinates obtained from the geodetic measurements
are still important. These points are, by nature, placed
randomly, but with the intention of their regular
placement. Correction of the coordinates obtained from
the geodetic surveys allows for obtaining a uniform R
value in the adopted measurement phase (reference).

In practice, it is convenient to use the “z” coordinate
correction of the measurement points instead of r, while
maintaining the “x” coordinate. For the intermediate
point D, it is determined from the equation:

2 2
AZDAM

-z . 8
2 7o oD 8

When analyzing the shell support parts, that is, points 1-4
and 14-17, as shown in Fig.3, and the side parts of closed
profiles, it is practical to apply the corrections of the “x”
measurement points, as in the equation

1 RZ_ 2
Yop

6 Changes of radii of curvature

In practice, there is a global and, therefore, uniform
radius of curvature R in the upper part of the structure
periphery as shown in Fig.3. The structure is subjected to
continuous deformation during construction and service
stage, and the structure’s shape differs from the perfect
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Figure 8: Changes of radii of curvature near the structure crown point.

circular form with some local bulging. Fig. 8 presents the
plots of R in analyzed construction stages obtained for the
previously mentioned assumptions. The scheme shown in
Fig. 5 and equation (1) were used to determine the radius
of curvature, and the calculation included a correction of
the coordinates of the measurement points as presented
in Fig.7.

The R functions presented in Fig. 8 are arranged
regularly: minimum values in the structure crown point
area and maximum values near the support zone. The
values of R are very different in their form, as in the
equation for phase B:

Roax = R
max min_100% =

0 ’

32,987-24,274

100% =30,6%. (10)

The plots of Rare close to symmetrical with respect to the
crown point, as opposed to the r given in Fig. 3. Thus,
a static system of the symmetrical single barrel was
achieved.

The geometrical parameter used in this study to test
the deformation of the steel shell is the change in the
curvature k. The algorithm presented here is based on the
results of geodetic measurements. It is obtained based on
the radii of curvature: in the analyzed construction stage,
R refers to the reference value R in the selected section as
in the equation

R, —R.
K(G)=—2——L
R, ‘R,

1

1)

In the case of structures with record dimensions [Ry, Os],
the most common measuring system consists of strain
gauges. Therefore, the calculation results obtained from
geodetic measurements, as in (9), can be related to the
strains [1, 3, 6] included in the equation

E, —&
/((T):g—D

T (12)
when the geometry of the deepest corrugation steel
structure is UltraCor a’f’'g, while €, and ¢, are the strains
in the circumferential direction on the upper and lower
surfaces of the shell, respectively, accessible from below
(air side) [12, 13].

Fig. 9 shows changes in the curvature of the upper part
of the circumferential strip of the shell for the construction
phase B (when the backfill reaches the level of the structure
crown point) and E (in the final stage of the construction of
the backfill) as in Table 1. The calculation results obtained
from the geodetic measurements (G) were compared to the
results of the strain gauge measurements (T).

When assessing the compliance of the results, it
should be taken into account that they were obtained from
two different measurement techniques. The values of k(T)
are treated as accurate as they were determined at the
measuring points. In this case, the plane-remains-plane
hypothesis (Euler—Bernoulli) has been taken into account
in equation(16). When using geodetic measurements, the
curvature is determined based on the location of three
points spaced from each other by the value of c. When the
geodetic points are significantly distant and there is also
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Figure 9: Changes in curvature along the structure periphery.

a significant difference in displacement between them,
the accuracy of k(G) decreases. Therefore, when using
geodetic techniques, a dense layout of the measurement
points is indispensable.

7 Internal forces due to bending

The algorithm presented in this paper is based on
the results of geodetic measurements. The change of
curvature is the geometrical parameter used in this study

to test shell deformation. Using the strength relation as in
the equation

M=F ‘K, (13)
it is possible to estimate the bending moments [2, 3, 8]
when EI = 22.8 MNm?/m is the bending stiffness of the
corrugated steel plate of the analyzed shell. Thus, the
results presented in Fig. 9 can be treated as diagrams of

bending moments along the periphery of the shell, that is,
as a function of s.
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The plots in this figure show a large reduction of
bending in the area of the structure crown point for the
increase in axial forces.

In the case when the backfill has not reached
the structure crown point vyet, that is, when
z,<H, the aspect of no soil pressure on the crown point can
be used, that is, p = 0, as in Fig. 2. With this assumption,
the relationship of the normal force N with the distribution
of bending moments M is as in the equation

N_aa (14)

The quantities appearing in (14) are functions, that is,
N (s), M (s), and R (s), when s is the distance from the
analyzed point but calculated along the circumference
of the circular segment of an arch structure. Assuming
the differential approach of determining the derivative
[7] from (14), the following relation is obtained for the
structure crown point:

R-EI

C2

(15)

N9 = (K8_2K9 +K10):

where ¢ = 2.5 m is the distance between the measurement
points No.8 and No. 9 and betweenNo.9 and No. 10,
as shown in Fig. 3. Taking the data from Fig. 9, for the
analyzed construction stage B, it is

X 103
A@::géz}%§§§4HL40’%4365—2-@038+3§74):—822J N/ m> (16)
The value of the normal stress ¢ on the extreme fibers
of the corrugated steel plate, resulting from the bending
moment M, can be calculated from (13), taking into
account the section modulus W, as in the equation

w 2 a7

o=

The constant factor in equation(17) is a characteristic
value of corrugationUltraCor500°237°12and its value is

=25,52 MN/m, (18)

Ef2+t =2050000,237;0,012
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Fig. 9 shows that in phase B, the change of curvature in
the crown point is 6.192ex 102 1/m. Hence, from (17), the
normal stress at the extreme fibers of the corrugated plate
is obtained with the value

0 =25,52-6,038=154 MPa, (19)

The value of normal stress resulting from the axial force
calculated in accordance to (16) is

_N_321107

o(N
W) A 1804107

=179 MPa, (20)

The share of the compression in normal stresses is much
smaller than the bending effect. Therefore, in the initial
stage of construction, it is important to observe the
change in the radius of curvature, as shown in Fig. 8. Due
to the high values of displacements, as shown in Fig. 3,
geodetic measurements are effective for this purpose. In
subsequent phases of the backfill placement, the bending
effect is significantly reduced, as can be seen in Fig. 9b
(phase E).

In the case of determining the soil effects on the steel
shell p(s), as in Fig. 2, the equation used is

_E_l_dzM
b R ds*

(21)

There are three functions in this equation: N(s), R(s), and
M(s). The change in R(s) is essential because, as shown
in Fig. 8, it is subject to significant changes. Of course, in
the general case, the function N(s) cannot be determined
based on the geodetic measurements. Its value can only
be estimated, as in equation(15), when z<H. The function
p(s) can be conveniently determined from strain gauge
measurements and strains [8, 9]. Then, the axial force is
determined from the equation

EA
N =—[(f +1)e, +(f —t)sa], (22)
2f
and bending moment is determined as
EIl
M=7(€g—g[)). (23)
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a) normal forces
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Figure 10: Changes in internal forces in the area of the structure crown point, obtained from strain gauge measurements.

Fig. 10 shows the changes in internal forces in the
analyzed period of time between the construction stages
A-C. The horizontal axis represents the time (days), where
stage A (time = 0). Hence, 37 days are obtained for stage
B and 72 days for stage C. The graphs show a very large
increase in the axial force between stages A and B, that
is, when the backfill is placed in the area of the structure
crown point. In the time interval between stages B and
C, the increase of N disappears and at the same time the
bending moments are reduced. In the figure legend, the

numbers of the analyzed measurement points from Fig. 3
are presented.

The graphs in Fig. 10 are used to determine the soil
pressure on the shell crown point using equation (21)
and the differential approach to the derivative of bending
moments, as in equation(15). Fig. 11 shows the change of
p in the analyzed period of time between the construction
stages A—C. The graph shows the effect of placing the soil
layers (backfill and overfill). The arching effect is also
observed, consisting of slight changes in soil pressure and
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Figure 11: Changes in soil pressure in the structure crown point.
the axial forces with the formation of successive layers of 8 Sum mary

the backfill.

Analysis of Fig. 10a shows a much higher value of
N calculated according to equation (16) in stage B. From
Fig. 11, It can be seen that the condition p = 0 in stage B,
which is the base of equation (14). The values of p depend
significantly on N and vice versa.

By comparing equations (11) and (12), R(s) is
determined from the relationship

R(s) R, (4)

TR (1)

where R is the reference (base) radius and x(T) is the
change in the radius of curvature, determined according
to (12). Using equation (24), it is possible to determine
changes in the radii of curvature as presented in Fig.
8 (in this case, based on geodetic measurements).
Using the collocation approach to geometrical
relationships presented in [6], based on R(s), the
displacements r (s) are determined, as presented in
Fig. 4 (resulting from changes in the coordinates of the
measurement points). Thus, the results obtained from
both measurement techniques, geodetic and strain
gauge, can be compared with each other. In assessing the
accuracy, however, it should be pointed out that the values
at a point are determined by strain gauge measurements
and the values for the geodesy are determined along the
length of the analyzed peripheral section (in a differential
approach).

Usually, deformation and stresses in the shell, created
during construction, are many times larger than
that occurred during ordinary service of the bridge
structure[1, 2, 8]. For this reason, much attention is paid
to the construction stage. In the case of extraordinary
structures (in a term of span), monitoring is used during
backfilling [1, 4, 14, 15, 22]. This paper considers the case
of using a dense mesh of measurement points, located
around the structure periphery, as the base for geodetic
measurements. Changes in the coordinates of these points
are used to plot the deformation curve of the shell. This
provides data for the calculation of bending moments in
the upper part of the shell.

In the algorithm presented in this paper, the results
of coordinate measurements are corrected in a way, to
adjust them to perfect circular curvature as a reference
measurement base during the structure assembly phase.
In this way, the inherently irregularly spaced measuring
points form a line of points perfectly positioned in
the central axis of the corrugated steel structure. The
algorithm can also be used for the monitoring of concrete
buried structures [22]. In general, this applies not only
to ecological structures, but also to road and railway
structures where the loads are much higher. In these
cases, the long-term effects of the infrastructure facility
subjected to multiple variable loads are analyzed.
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