


Figure 3.18 shows correlation between the 3™ frequency and temperature using the
same classification method that we applied for crack displacement and temperature correlation.

We used the 2nd order polynomial function for the least square. The fitted curves are
shown in Figure 3.19 and Figure 3.20. The average of 1st frequency was 1.644 Hz. And the
yearly change of the 1st frequency is £0.059 Hz, which is £3.6% of the average.

Figure 3.17. 1% frequency and temperature. Figure 3.18. 3" frequency and temperature.
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Figure 3.19. Correlation between Figure 3.20. Correlation between
1% frequency and temperature. 3" frequency and temperature.

With the correlation, we can evaluate the frequency history due to temperature as shown
in Figure 3.21. The yearly variation of the frequency is £0.050 Hz.

After the temperature effect is subtracted from original data, the remains are well
distributed into a mean of zero without any other pattern as shown in Figure 3.22. The variation
between the maximum and minimum of the remains was approximately £0.025 Hz. It is a half of
the yearly variation of temperature. Therefore, we can conclude that based on the long-term
monitoring results there is no obvious change in the flexural stiffness of the superstructure even
though the local damage on the web concrete progressed slowly.
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CHAPTER 4 CURRENT STATE AND RETROFIT WITH EXTERNAL
POST-TENSIONING

In this chapter, the current state of the superstructure is evaluated by finite element
analysis. The self-weight, HS20 live load, temperature gradients, creep and shrinkage for 10000
days (27 years), and post-tension are considered in the analysis. In addition, we suggest the
strengthening of the [-39 bridges over the Kishwaukee River with external post-tension.
According to the strengthening concept, the final results show comparisons between current
state and improved state.

4.1 CURRENT STATE
4.1.1 Loadings

4.1.1.1 Dead Load
Self weights are considered, including box girder, tendons, and Barriers.

4.1.1.2 Live Load
AASHTO Live load, HS20-44, is applied.

4.1.1.3 Thermal Gradients

Temperature gradient is applied according to Guide Specifications for Construction of
Segmental Concrete Bridges, 1999.

Table 4.1 Thermal Gradients

Zone 2 Positive Temp. | Negative Temp. | A
(F) (F) (inch)

T 46 -13.8 12
T2 12 -3.6

T3 5 -1.5

yTop of (.';‘.oncrete Section
1
-

4.1.1.4 Post-tension
Because there is no record of longitudinal stressing for either the northbound or
southbound bridges, an initial jacking force equal to 80% of the guaranteed ultimate tensile
strength of the post-tensioning bars has been adopted for all erection stages. This assumption
is representative of common construction practice at the time of design, and is in agreement
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with transverse stressing records found in the Preliminary Design Report, F.A. Rte 412 Over
Kishwaukee River (IDOT). Mr. Khaled Shawwaf, the Chief Engineer of Dywidag-Systems
International who was involved in the redesign of the bridges, confirmed this assumption.

Based on historical data obtained from the National Climatic Data Center (NCDC)
database, a relative humidity of 74% has been assigned to the environment. This value is also
in agreement with Figure 5.4.2.3.3-1 of the current AASHTO LFRD Bridge Design Specifications.
Relative humidity affects the calculated creep and shrinkage coefficients of the concrete and
has a significant effect on the final distribution of force in the structure.

A classification of rapid-hardening, high-strength cement is assumed to calculate the
superstructure concrete’s ultimate shrinkage coefficient. This assumption is based on the
statement of “high-early-strength cement and steam heat were used” in Design and
Construction of the Kishwaukee River Bridges (Nair et. al., 1982) with reference to the
procedures used during casting of the superstructure segments.

An anchor set of 1/16” is used for all post-tensioning bars. This assumption is consistent
with both the Guide Specs and the AASHTO LRFD Bridge Design Specifications.

4.1.1.5 Creep and Shrinkage

Strains are calculated in accordance with CEB-FIP 1978 Model Code for
superstructures.
4.1.2 Materials

Material properties used in the analysis are listed in Table 4.2.

Table 4.2. Material Properties

Materials Property Value Unit

Post-Tensioning Bars  Diameter 1.25 in
Area 1.25 in?
Wobble Factor 0.0002 /ft
Friction Coefficient 0.30
Modulus of Elasticity 30,000 ksi
G.U.T.S.* 150 ksi

Concrete Unit Weight 155 Ib/ft3
f'c [Superstructure] 5.5 ksi
f'c [Substructure] 3.5 ksi

*Guaranteed Ultimate Tensile Strength
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4.1.3 Finite Element Model
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Figure 4.1. Elevation layout of Kishwaukee River Bridge.
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Figure 4.2. Division of cantilever elements.
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4.1.3.1 Section and Properties
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Figure 4.3. Demension of section.

Table 4.3. Geometric Properties of The Cross-Section Of Concrete Components

*

ek

Segment | hg A le I Sc.max Zeg X

# [infmm] | [m?] [m*] [m*] [m°] [mm]

Closure 24 /610 9.727 19.170 35.750 6.534 1.825 3.451
6-17 8/203 7.480 13.321 29.200 4.531 2.248 2.678
5 9/229 7.604 13.825 30.105 4.683 2,215 2.725
4 1117279 7.859 14.776 31.670 4978 2,152 2.824
3 13/330 8.117 15.628 32.845 5.251 2,093 2.927
2 15/ 381 8.400 16.455 33.840 5.527 2,034 3.030
1 17 1432 8.688 17.192 34.530 5.783 1,980 3.131
Pier 18 /1457 8.833 17.527 34.740 5.903 1,955 3.181

» Torsion moment
**) Distance measured from bottom of the cross-section

Cross-sectional area of composite member:

Ai =q, Ac +a, Abr + ap (Ap,lw + Ap,up )_ (Ad,lw + Ad,up)

Si = ac Ac ch +Ofbr Abr Zbr +Ofp (Ap,lw Zp,Iw + Ap,up Zp,up )_ (Ad,lw Zp,Iw + Ad,up Zp,up)

e First moment of area of composite member:

Center of composite cross-section:

Moment of inertia of composite member:

z,=S, /A

h=a o +A @y -2 Plray ly +A, @ -2,)] +a,1, -1,
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Table 4.4. Geometric Properties of The Cross-Section of Composite Components

Ipi :APJW (Zp,IW —Z )2 + Ap,up (Zp,up —Z )

2

Idi =Ad,Iw (Zp,lw _Zi )2 +Ad,up (Zp,up _Zi )2

Segment hs Np,iw Np.up o Zi A l;

# [in/mm] [mm] [m?] [m*]
pier 18/457 |0 100 1.012 [2.132 [10.020 | 20.362
1 17/432 | 0 94 1.012 2.155 9.848 19.897
2 15/381 |0 86 1.012 [2203 [9.528 | 18.945
3 13/330 |0 76 1.013 [2253 [9210 |[17.914
4 11/279 |0 70 1.013 2.309 8.919 16.838
5 9/229 |0 64 1.014 [2367 [8.638 | 15.691
6 8/203 |0 54 2.394 | 8.471 15.061
7 8/203 6 46 2.383 8.462 15.161
8 8/203 |10 40 1014 | 2375 [8454 [ 15.224
9 817203 16 34 2.365 8.454 15.330
10 8/203 20 28 2.357 8.445 15.390
11 8/203 |24 24 2350 |8.445 [ 15459
12 8/203 |28 20 2.344 | 8445 [15.527
13 817203 32 16 2.337 8.445 15.594
14 8/203 |34 14 2334 |[8445 [15628
15 817203 36 12 2.330 8.445 15.661
16 817203 36 10 2.329 8.437 15.651
17 8/203 |36 8 2.328 |[8.428 | 15641
Closure 24/610 |72 2 1.011 1904 |[10.726 |22.385

where A. — cross-sectional area of concrete of the segment (Table 4.3);

I — moment of inertia of concrete cross-section (Table 4.3);

z.q — center of gravity of concrete section, measured from bottom of segment;

A, — sectional area of the barriers, A, = 2 x 0.328 = 0.656 m?;

l,, — moment of inertia of the barriers, Ay, = 2 x 0.00265 = 0.0053 m*;
zy,, — distance of the barrier centroid from the bottom of segment, z,, =3.72 m;

Ap,lw (up) — sectional area of prestressing bars located in the bottom (top) slab,

Aptup) =N

A

p.iw(up) * “p1
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_ -4

Ao _ sectional area of the prestressing bar, Ay =8.043.10 m2;

zp,lw (up) — distance of centroid of prestressing bars located in the bottom (top) slab;
Ad,lw (up) — area of steel ducts where prestressing bars were embedded,

Ad,lw(up) = np,Iw(up) Adl;
A, =20428107"

Aa _ area of duct with diameter 2 in (51 mm), ;
=E_./E

ac, abr, ap - Concrete and reinforcement ratios: e
abr = Ebf /EC 2087 ap :Ep/EC

¢ (variable);

=5.195.

4.1.3.2 Tendon Layout
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Figure 4.4. Tendon layout.

4.1.4 Results
4.1.4.1 Dead Load

Figure 4.5 and 4.6 show bending moment and shear force due to dead load.
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Figure 4.5. Bending moment diagram due to dead Load w/ and w/o creep and shrinkage effect.
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4.1.4.2 Post-tension

Figure 4.7. Primary and Secondary Moments due to existing post-tension.
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Figure 4.8. Total Moments due to existing post-tension.
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Figure 4.9. BMD due to dead load and existing post-tension.
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Figure 4.10. Total moments due to dead load and existing post-tensions.
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Figure 4.11. Shear force diagram due to existing post-tension.
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Figure 4.12. Shear force diagram of dead load and existing post-tensions.

4.1.4.3 Creep and Shrinkage
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Figure 4.13. Moments due to creep at construction and 27 years later.
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Figure 4.14. Moments due to shrinkage after construction and 27 years.
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Figure 4.15. Moments due to creep and shrinkage at construction and 27 years later.
150000

DL+PT+Sh2+Cr2 (10000)
100000

DL+PT

50000

0]0] 150 2 50 00 350
-50000

Bending Moment (kN.m)

-100000

-150000

Distance {m)

Figure 4.16. Moments due to dead load + post-tension, and plus live load + creep + shrinkage
27 years later.
300

——Cr2 (10000)

200 ———5h2 (10000) —

100

50 100 150 20 250 300 l_ 350

Shear Force (kN)
Q

-100

-200

-300

Distance {m)

Figure 4.17. Shear force due to creep and shrinkage after 27 years.

48



300

—Cr2+5h2
200

100

50 100 TS50 200 50 300 350

Shear Force {kN)
o

-100

-200

-300

Distance (m)

Figure 4.18. Total shear forces due to creep and shrinkage after 27 years.
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Figure 4.19 Total shear forces due to stationary loads (dead load, post-tension, creep, and
shrinkage) after 27 years.

4.1.4.4 Temperature Gradient
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Figure 4.20. Moments due to positive and negative temperature gradients.
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Figure 4.21. Shear forces due to positive and negative temperature gradients.

4.1.4.5 Live Load (HS20)
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Figure 4.22. Envelope of moments due to live load, HS20-44.
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Figure 4.23. Envelope of shear forces due to live load, HS20-44.
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Figure 4.24. Envelope of moments due to live load and temperature gradients.
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Figure 4.25. Envelope of shear forces due to live load and temperature gradients.

4.1.4.6 Current State
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Figure 4.26. Envelope of current bending moments, after 27 years of construction.
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Figure 4.27. Envelope of current shear forces after 27 years of construction.
4.2 RETROFIT WITH EXTERNAL POST-TENSIONING

The implementation of draped post-tensioning tendons external to the concrete and
located inside of the box girder is a very effective way to reduce bending and shear stresses in
the concrete box girder. Stresses caused by gravity are reduced by draped tendons.

The ideally shaped parabolic tendon with high points at the piers produces a constant
distributed load opposing the gravity-induced self weight of the box girder, thereby reducing net
moment and shear forces. The axial force introduced by the tendons reduces tensile stresses in
the concrete.

When using external tendons, the parabolic shape is approximated by a series of
trapezoidal tendon runs, where the two top corners coincide with the piers and the bottom
corners coincide with deviators mounted to the bottom slab.

4.2.1 External Tendon Layout

The effectiveness of different tendon layouts has been studied by adding the tendons in
the existing analytical model for the Kishwaukee River bridges.

The draped external post-tensioning chosen as the proposed layout is provided with two
12-strand, 0.6-inch tendons per web, encased in a smooth 3-inch diameter polyethylene (PE)
duct. The two web tendons deviate in separate bottom slab deviators located in the fourth and
seventh segments from the pier, while their top point is located along the centerline of each pier,
see Figure 4.28.

In the end spans, only one of the two tendons in each web was deviated from the bottom
slab deviator and anchored at the top of the box interior at the abutment diaphragm. The other
tendon in each web continues horizontally and also anchors in the abutment diaphragm. This
layout permits the anchoring of the tendons close to the web-bottom flange intersection in the
box, which minimizes out-of-plane bending of the abutment diaphragm and minimizes the global
end moment the post-tensioning tendons induced to the superstructure.
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Figure 4.28. Layout of proposed external post-tensioning.

Provisions have been made for two additional tendons with the same size per web. This
provides another 15% of the positive moment and 20% of the negative moment post-tensioning
force, and exceeds the Guide Specs recommendation with 10% of the positive moment and
negative moment by post-tensioning force. IDOT has two options regarding the installation of
these tendons during the retrofitting: reserve them for future use or eliminate them if additional
tendons are not deemed necessary. The layout of these provisional tendons is similar to that of
the two 12-strand tendons to be installed at the time of the retrofit.

We optimized the layout by studying a series of anchor locations, and were able to
maximize the effectiveness of the tendons while keeping them within the constraints of the
existing concrete box girder and its post-tensioning bars.

Table 4.5. Tendon Properties

f pu 270 ksi
fy 216 ksi
n_p 12 ea
A p 0.215 inA2
n.A 2.58 inA2
P_i 557.28 Kips
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Table 4.6. Stressing Sequence

Step # of Tendon PT (kips) rate
1 7&8 557.28 50%
2 3&4 1114.56 100%
3 9&10 1114.56 100%
4 7&8 557.28 50%
5 5&6 456.9696 82%/2
6 1&2 557.28 50%
7 5&6 456.9696 82%/2
8 1&2 557.28 50%
9 11&12 557.28 50%
10 5&6 100.3104 18%/2
11 11&12 557.28 50%
12 5&6 100.3104 18%/2
4.2.1 Results

4.2.1.1 External Post-tension
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Figure 4.29. Primary and secondary moments due to external post-tension.
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Figure 4.30. Total moments due to external post-tension.
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Figure 4.31. Primary and secondary shear forces due to external post-tension.
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Figure 4.32.Total shear forces due to external post-tension
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4.2.1.2 Strengthened State
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Figure 4.33. Comparison of bending moment between current state and external post-tension.
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Figure 4.34. Total bending moments after strengthening.
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Figure 4.35. Shear force comparison with stationary current state and external post-tension.
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Figure 4.36. Total shear force after strengthening.
4.3 SUMMARY

The current state of the concrete box girder, 27 years after construction, has been
evaluated in depth. Time dependent material properties from the CEB-FIP model code were
used to consider the changes of compression strength of concrete. The strengthening concept
with external post-tensioning was also calculated in bending moment and shear forces and
compared with the current state. The strategy to retrofit is a very effective way to reduce
bending and shear stresses in the concrete box girder.

The current maximum shear force due to stationary loads such as self-weight, creep and
shrinkage, and post-tension is 7,450 kN at the end support (Figure 4.19), but the non-stationary
maximum shear force due to temperature gradients and live load is 750 kN (Figure 4.25), only
10% of the stationary loads. Moreover, the two non-stationary shear forces due to live load and
temperature gradient are 400 kN and 350 kN respectively. Although they are almost equal, the
component leading to the crack propagation is estimated by truck load only. According to the
long-term monitoring results, the count of cyclic loading by truck was 3,000 per day but the
frequency by temperature gradient was only once a day. Moreover, the amount of crack
propagation at the west web, above which trucks often passed, was double that at the east web.
This proves that the estimation is appropriate.

The comparisons in Figure 4.33 and 4.35 show the effectiveness of the external post-
tensioning. The external post-tension increases the current maximum change in negative
moment at the support from 58.5 MN.m to 12.5 MN.m, and reduces the current change in shear
force from 7,800 kN to 4,700 kN.
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CHAPTER 5 CONCLUSION

To provide continuous health information about possible structural changes and to guide
retrofit strategies for compromised components of the Kishwaukee Bridge, a distributed
intelligent bridge monitoring system was developed. The distributed pre-processing algorithm
was designed to improve the efficiency of data analysis, release the burden of main servers,
reduce unnecessary data transmission, and save the space of the database. With the
advantage of the data pre-processing module, the distributed sensor substation was proved to
be reliable and efficient for data acquisition, processing, archiving, and transmission. The
monitoring results indicate that the pre-processing algorithm is quite useful for real-time long-
term health monitoring.

The long-term monitoring effort on Kishwaukee Bridge has yielded a variety of data
which spans several years. These data include both global measurements from accelerometers
and crack opening displacement (COD) data from local deformation gauges. The analysis of
these data alerts us to possible structural changes and is useful to guide retrofit strategies for
compromised components. The key findings included in this report are summarized below:

1) According to the monitoring record due to traffic effects, the crack opening displacements on
the west web have progressed as much as 26 micrometers every year since January 2002.
Although the flexural stiffness of the bridge is still unchanged, action should be taken to
control the growth of shear cracks on the web within a reasonable limit. It is recommended
to impose a restriction on the speed and weight of trucks going over the bridge.

2) Temperature change has a significant effect on the change of frequency and crack opening
displacement. Based on the records of the health monitoring system, the maximum change
of the first frequency due to temperature effect is from 1.57 Hz to 1.68 Hz. The average
change of COD is about 10.4 micrometer with the temperature change of 1°C.

3) The time history and spectrum of acceleration are almost the same as the results measured
in 2000. It seems that the modal frequencies of Kishwaukee Southbound bridge didn’t
change a lot over these years.

4) For the two years of monitoring, the Average Daily Truck Traffic (ADTT) is roughly 2500.
Compared with the record of ADTT from 2005 to 2006, the annual growth rate of truck traffic
is constant.
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