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Figure 4.63. Northbound bridge middle pile forces

The forces in the piles were compared with the movements of the abutment presented in Section
4.2.2. To make these comparisons the longitudinal and transverse abutment movements were
transformed into local strong (x) and weak (y) axis movements for each pile. Figure 4.64 and
Figure 4.65 show the west pile forces with respect to the local x and y movements. From the
plotted figures the relationship between the movement of abutment and the corresponding force
is not clear though, again, some short term looping trends seem to be evident.

Similar plots were created for comparison of the middle pile movement and forces. Figure 4.66
and Figure 4.67 show the middle pile forces and corresponding movements.
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Table 6.3. Approach slab results

Action Northbound Southbound
Slab Load Strain
Average Min -95 ue -80 pe
Average Max 25 pe 25 pe
Range 120 pe 105 pe

Slab Forces

Min Force -1860 kips - 1400 kips
Max Force 480 kips 500 kips
2300 kips/ 1900 kips /
Range of Force/Stress 580 psi 520 psi
- . Information
Friction Range -4 to 4 kips/ft Not Available
Joint Movement
Abutment Joint <0.03 in <0.03 in
Expansion Joint
- Max Closure 0.6 in 0.45 in
- Max Open 0.31in 0.65 in
- Range 0.9 in 1.1in
Post-Tensioning
. Information
Force Range 2.1 kips Not Available
. Information
Loses 1.1 kips Not Available

6.4. Bridge Substructure

The northbound bridge most west monitored pile experienced x-axis bending moment, y-axis
bending moment, and axial force ranges of approximately 455 kip*in., 142 kip*in., and 90 kips,
respectively (Figure 4.62). Interestingly, the middle pile had a different bending response during
the testing period (Figure 4.63) with a range of x-axis bending moment, y-axis bending moment,
and axial force of 215 kip*in., 300 kip*in., and 90 kips, respectively. Due to instrumentation
failure, only piles on the northbound bridge were able to be studied, thus no comparisons can be
made.

6.5. Visual Inspection

During the monitoring period cracks were observed in the approach slabs of both the northbound
and the southbound bridge. The general crack locations are illustrated in Figure 6.2.
Interestingly, cracking was only observed in the south end approaches of either bridge (e.g., the
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end where instrumentation was concentrated). The crack in the northbound approach slab
occurred 33 ft — 10 in. from the slab-to-bridge joint as measured along the east shoulder. This
crack was half the width of the approach slab extending from the east shoulder to the center
longitudinal joint. In the southbound approach slab, a small crack, 29 in. long, was observed 15
ft from the bridge-to-slab joint as measured along the east shoulder. Cracking in both approach
slabs at the south end of the bridges suggest that at some point both slabs experienced tensile
stresses.

OBSERVED CRACK.

Figure 6.2. Illustration of approach slab crack positions
6.6. General Conclusions

In an effort to reduce the bump experience at the end of bridges, the lowa DOT is interested in
integrally connecting the approach slabs to the bridges. Instrumentation followed by a year long
monitoring of two integral abutment bridges, one with cast-in-place approach slabs and one with
precast approach slabs, yield the results discussed in this report. From those results the following
conclusions have been made:

e The integral connection between the approach slabs and the bridges appear to
function well with no observed distress at this location and no relative
longitudinal movement measured between the two components.

e Tying the approach slab to the bridge appears to impact the bridge abutment
displacements and girder forces. The source of the impact may be the manner in
which the approach slab is attached to the main line pavement.

e The two different approach slabs, the longer precast slab and the shorter cast-in-
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place slab, appear to impact the bridge differently. This impact was clear in the
differences in the mid-span moments and the slab strain patterns over time. It is
not clear, however, whether it was the type of approach slab or the size of the
approach slab that has the greatest impact.

e The measured strains in the approach slabs indicate a force exists at the expansion
joint and should be taken into consideration when designing both the approach
slab and the bridge.

e The observed responses generally followed an annual cyclic and/or short term
cyclic pattern over time. The annual cyclic pattern had summer responses at one
extreme, a transition through the fall to the other extreme response in the winter,
followed by a transition in the spring back to the summer responses. A linear
relationship of the transitions between the extreme responses was typically
observed. Seasonal and short term cycles were evident in most data, probably
caused by friction ratcheting.

6.7. Recommendations for Further Study

As a first recommendation, from the data reported herein, the authors recommend that additional
bridges be constructed using the approach slabs and connections studied herein and that these
new bridges be similarly monitored. At some point, it may be appropriate to consider retro-
fitting older bridges.

Further bridge monitoring programs would contribute to better understanding of integral
abutment bridges with integral approach slabs and different skew angles, span lengths, slab
lengths, horizontal alignments, and girder type (concrete or steel), especially since not all the
experimentally measured results compared with previous studies (Abendroth and Greimann
(2005)), which reported no friction ratcheting. Future monitoring programs should utilize
instrumentation to eliminate the observed uncertainties which have been described herein. This
could include measuring displacements at both ends of the bridge, measuring the actual concrete
temperature and gradient of members like the girders, measuring the soil pressure on the
abutment, and installing the displacement transducer reference posts in a way to increase
confidence that the posts do not move. A method to determine the coefficient of thermal
expansion for the particular concrete on the project should also be employed since it was found
that the coefficient of thermal expansion affects interpolation of results from concrete elements.

In addition, future studies should also monitor if the “bump” is still created at the bridge-to-
approach slab connection location, if the bump is moved to the expansion joint location, or if the
bump is eliminated altogether. The expansion joint should also be studied in more detail to
determine the joint behavior and if modifications to the expansion joint design would change the
slab and bridge response.
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APPENDIX A

FRICTIONAL RATCHETING: A SIMPLE MODEL
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A.1. A Simple Model

Some insight into the experimentally observed behavior of the bridge/approach slab system
can be gained by analyzing a fairly simple analytical model. Consider the bridge and
approach pavement illustrated in Figure A.1. A very simple analytical model of the bridge
consists of the two axial force elements shown in Figure A.2 (a) and (b). Element 1
represents the approach slab with displacements D, and D, on the left and right ends,
respectively. It is acted upon by a spring on the left which represents the resistance of the
pavement at the expansion joint, an axial force, P, on the right, and a friction force, F, acting,
at the expansion joint. Element 2 displaces an amount D, on its left and is fixed at the right
end. It also has an axial force, P.

EXPANSION APPROACH BRIDGE DECK &
JOINT SLAB GIRDER

A
\—

AL

PILES PIER

(a) Displacements

k*D,

| @ | | @
F (friction)

(b) Forces
Figure A.2. Simple analytical model
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Several assumptions are inherent in this simple model. Each element is assumed to carry only
axial force. Element 2 is assumed fixed at the bridge centerline, i.e., the bridge centerline is
assumed to be a line of symmetry. The stiffness of the piles and piers is neglected. As
discussed in Section 6.3 most of the slab force is the result of resisting forces at the
expansion joint. Soil resistance behind the abutment is neglected.

The equations governing the behavior of the two elements and the expansion joint spring are

D —-D :£+a*AT*L (A.1)
1 2 K 1
1
P
D, =—+a*AT*L (A.2)
2 K 2
2
in which

a = coefficient of linear thermal expansion
AT = temperature increase
K; = stiffness of element i
= A,E;/L; for an axial force member

and, by equilibrium
P=F—-k*D, (A.3)

in which
k = stiffness of the expansion joint spring

and F, P, Dy, Dy, L, and L, are illustrated in Figure A.2. In this simple model, o and AT are
assumed to be the same for both elements.

The friction force, F, is limited to Fs, the static friction value, if the slab is not sliding, i.e.,

~F <F<F  ifdD/dt=0 (A4)

in which dD,/dt is the velocity at the left end of Element 1. Once the approach slab begins to
move, the friction force reduces to the kinetic value and acts in the direction opposite to the
direction of motion, i.e., opposite to dD;/dt, or

F=—F, *¢5 if dD//dtis not =0 (A.5)

in which



dD,
O =sign| —L | or
g(mj

(A.6)
—1 if moving right
={ 0 ifstopped
1  if moving left
Combining Equation A.1, A.2, and A.3 and solving for D; and D, yields
P
D =—+a*AT*L (A.7)
K
P
D,=—+a*AT*L, (A.8)
KZ

in which
1 1 1
- = —

K K, K,
L=L+L,

If 5 is equal to zero (not sliding), D, remains constant and from Equation A.7
P=K(D,—a*AT*L) (A.9)
F=P+k*D, (A.10)

If 6 is not equal to zero (sliding), F remains constant at Fy
F=-F *o (A.11)

and, from Equation A.3 and A.7

( +a* AT * Lj
D, = (A.12)

A4



P=F—-k*D, (A.13)
The above equations were programmed using Visual Basic in Microsoft Excel.
A.2. Some Numerical Results with Bridge Parameters

To begin, the approximate parameters for the approach slab/bridge in the project were input
into the software. Figures 3.2 and 4.25 summarize some of these properties.

A *E, _(1)(28)(144)4700)

K, = = 20500%kip / in.
L, 923
%k

Kk, =2 E (7)1230)4700) _ 22300kip /in.
L, 1818

L, =923in.

I, =_3623’6 —1818in. (A.14)
-6

o So)

°F
F. =750kip
F, =700kip
k =2000kip/in.

The frictional forces F, and Fy were taken to be approximately equal to about one-half the
annual range of the slab forces presented in Figure 4.55. The expansion joint spring stiffness,
k, was selected to match the data in Figure 4.55.

The temperature input into the software was a simplified version of the experimental data for
the average bridge temperature in Figure 4.6 during a year starting on April 13 and is
illustrated graphically in Figure A.3. Schematically, it consists of an annual
spring/summer/autumn/winter/spring cycle with six simulated short term cycles
superimposed on the annual cycle, as illustrated.



Temperature (°F)
N
S

0 50 100 150 200 250 300 350 400
Time (days)

Figure A.3. Simulated annual temperature variation for sample model

The analytical results are illustrated in Figure A.4, A.5, and A.6 with D,, D,, and F plotted
versus time. All three figures illustrate that, at certain times during the year, the static friction
resistance, Fs, is overcome and the slab slides with a resisting friction force equal to the
kinetic value, Fy.
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Figure A.4. Annual Movement at expansion joint from simple model
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Figure A.5. Annual movement at abutment from simple model
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Figure A.6. Annual frictional force from simple model

Figure A.7 is a plot of the displacement D, (red) versus the temperature that can be compared
to the experimental results in Figure 4.18. (The straight lines in Figure 4.18 are repeated in
Figure A.7.) In both figures, a similarity in the annual cycle and the short term cycles can be
observed, particularly during the autumn. Within the longer annual cycle there is a series of
loops when the slab is either not sliding, sliding left, or sliding right.
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Figure A.7. Abutment Displacement versus temperature from simple model

A typical loop from Figure A.7 is illustrated in Figure A.8. To help study this loop, the
governing equations of the previous section can be written in rate form as

_ADI — l * E
AT K AT
AD, 1 AP

AF _ AP AD,
AT AT AT

(A.15)

(A.16)

(A.17)



D,

oL, *[1-k*L/(1+k/K)]
(sliding)

axL,*[1-k*L/(1+k/K)]
(sliding) axL*(1-(K*L/K L))

(non-sliding)

—

AT

Figure A.8. Typical temperature loop

If the slab is not sliding, AD/AT is zero and Equation A.12, A.13, and A.14 can be solved
for the force rate per temperature change as

Z—Aiz—a*K*L (A.18)

so that Equation A.16 becomes

*
AD, —a*L,|1- K*L (A. 19)
AT K,*L,

which is the slope of the non-sliding portions of the loop in Figure A.8. If the slab is sliding,
AD{/AT is non-zero and

AF

e (A. 20)

so that, by Equation A. 15, A.16, and A.17
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s g 1—k*L
AT : [ kj
I+—

K

The typical loop in Figure A.8 represents a typical temperature cycle with the temperature
increasing from A to C and decreasing from C to E. Along the path AB, the slab is not
sliding and D, increases at a rate give by Equation. A.19. At Point B, the slab starts to slide
as the friction force overcomes the frictional resistance, F and Equation. A.21 gives the rate
of change of D,.

(A.21)

As the temperature decreases, D2 moves in the negative direction, again, not sliding for the
segment CD until the friction resistance is overcome and sliding begins at Point D ending
this temperature cycle at E. The rate of change of D, is again given by Equation A.19 from C
to D and Equation A.21 from D to E.

The first few lines of Table A.1 summarize some of the information discussed above. The
Table also presents some other observations. For example, along the path AB the temperature
increases, the slab is not sliding, and the bridge and slab are in compression. As the slab
starts to slide, i.e., B to C, both elements remain in compression.

Note that, if

*
kL

< A22
K7L, (A.22)

i.e., the slab is quite stiff relative to the bridge, the slope of the non-sliding portion (AB and
CD) would be negative, in which case the slab is dominating the behavior. The data in Figure
4.18 has this characteristic.

Comparison of Fig. 4.18, A.7, and the loops in Fig. A.8 help to explain some of the cyclic
looping behavior observed in the experimental data, e.g., the sliding/non-sliding phenomenon
with distinctly different slopes of the D, (abutment) displacement versus temperatures plots.
However, the simple model does not explain all of the observed behavior. For example, the
slopes of the loops in Fig 4.18 do not match those in Fig A.7. During the autumn, the sliding
portions of the loops are positive in both the experimental data and the analytical model
results, though with somewhat different numerical values. However, in the winter/spring, the
slope of the sliding portion of the experimental data is essentially flat, but not for the
analytical results. Additionally, the slope of the non-sliding portion of the experimental loops
is negative for all seasons in Fig. 4.18 but positive in Figure A.7.

Additional results of the analytical model are presented in Figures A.9 (green) and A.10
(blue), which are plots of the slab force versus the movement at the expansion joint and of
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the slab force versus temperature, respectively. These figures compare to Figures 4.41 and
4.55, respectively. The black lines in Figures A.9 and A.10 represent the data trend in
Figures 4.41 and 4.55, respectively. Again, in spite of its simplicity and major assumptions,
the model does reproduce some of the behavioral characteristics observed in the
experimental data, e.g., the looping phenomena and the resistance at the expansion joint.
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Figure A.9. Slab force versus temperature from simple model
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Figure A.10. Slab force versus movement at expansion joint from simple model
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