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EXECUTIVE SUMMARY

The current typical Colorado DOT (CDOT) bridge approach system includes a foundation soil
layer, an embankment fill soil layer, a high quality backfill material placed behind the abutment
wall, a concrete approach slab supported by the bridge abutment wall at one end and the sleeper
slab foundation at the roadway end (the sleeper slab is placed on the abutment backfill), a
drainage system, and an expansion joint. Settlement at the sleeper slab leads to an abrupt change
in elevation grade: a bump. Since 1992, three new alternatives for the abutment backfill have
been used by CDOT: (1) relatively expensive flowfill (a low-strength concrete mix, 110 bridges,
1993-2001); (2) lower cost mechanically stabilized earth (MSE) (14 bridges, 1999-2003) with
granular and well-graded Class-1 Backfill soil; and (3) MSE system with free draining Class B
Filter soil (10 bridges, 2002 to 2005). Despite some performance improvements with these
alternatives, the occurrence of significant approach settlement problems in flowfill and MSE
approaches, resulting in high repair costs, is still being reported. In the Founders/Meadows
bridge structure, both the bridge footings and approaches are supported by geosynthetic-
reinforced soil (GRS) walls to minimize the uneven settlements between the bridge and its
approaches (called “GRS Abutment”). Performance data from instrumentation embedded in the

approaches and smoothness tests were collected periodically over five years.

The primary objective of this study is improve CDOT’s current practice for bridge approaches
(improve performance and reduce costs) from results of the following tasks: 1) Document
CDOT’s current practice for the geotechnical investigation, construction, and repair of bridge
approaches and the comments and suggestions collected from CDOT Staff and reported in the
literature to improve this practice; 2) Develop and apply a forensic investigation to determine the
causes, sources, and time progression of the settlement problems experienced in CDOT’s MSE
and flowfill bridge approaches; 3) Evaluate the performance of CDOT’s MSE and flowfill
approaches and performance and design assessment of the Founders/Meadows bridge
approaches; and 4) Estimate the total unit cost (construction and repair) needed to maintain
acceptable performance of CDOT’s flowfill and MSE bridge approaches over their entire service

life (for comparison between flowfill and MSE approaches).
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Approach Settlement Problem in Colorado. There are four main causes of the observed bridge
bump problems. First, the elevation grades of the as-built bridge and roadway approaches do not
exactly match the design elevations leading to creation of a bump at the end of construction. The
problem is worsened if the expansion joint is placed per the design elevation and not based on
the as-built grades of the constructed bridge and approaching roadways. Second, failure of the
installed drainage measures to keep surface and excess ground water from reaching the fill and
foundation soil layers, which is a common factor in almost all the bridge approaches that
experienced settlement problems. Water contributes to softening in soil zones between the
granular soil layer and the underlying fine-grained soil layer. Third, settlement of the placed fill
materials during or shortly after construction is completed can be due to lack of adequate
compaction, construction during the cold season with frozen fill, and placement of fill materials
dry of optimum leading to compression of the soil following subsequent wetting. And fourth,
settlement of the compressible clay foundation soil layer that may not be detected or adequately
addressed during design from the available subsurface investigation information. For example,
water can soften the top of a clay foundation soil layer that derives apparent strength from

desiccation.

Performance and Cost Results. Most of the flowfill and MSE bridge approaches constructed
by CDOT since 1993 are performing well, with no settlement or cracking problems. Most of the
settlement problems for the flowfill approaches are associated with the older bridge approaches
constructed before 1994 when CDOT just started using flowfill. Out of 28 bridge approaches
constructed with MSE Class-1 Backfill, 4 approaches failed due to poor construction operations.
Performance/cost analyses indicate that the use of MSE Class 1 Backfill is more cost-effective
than flowfill only if the rate of repair of MSE approaches will decline in the future. No problems
are reported for the Class B Backfill approaches. The overall short- and long-term performance
of the GRS approaches of the Founders/Meadows structure is excellent. Temperature has a
significant effect on integral abutments, leading to continuous cyclic lateral movements of the
MSE backfill with time (compression and expansion movement) and to cyclic lateral earth
pressures (passive and active) against the abutment wall. Continuous expansion of the MSE
backfill of approximately 1.5 to 2 mm every year was noticed. The presence of compressible

polystyrene sheets behind abutment walls accommodated to a large extent (but not entirely) the
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thermal expansion movement of the bridge superstructure and reduced the active lateral earth

pressure to almost zero.

Implementation Statement: It is recommended that CDOT use the lower cost MSE approaches
with either Class B or Class 1 Backfill materials in its future projects over the next few years and
monitor their performance and document their repair costs. Flowfill should remain a viable
alternative for certain field and construction scenarios that justify its higher costs. Warranty and
smoothness requirements for bridge approaches are presented along with recommendations for

construction of a tiered MSE wall system around the bridge approaches.

Two new supporting systems for the sleeper slab are suggested: the first system consists of
placing most of the high quality MSE backfill under the sleeper slab rather than the approach
slab (as currently employed by CDOT). The second supporting system consists of using driven
piles to support the sleeper slab and using the much cheaper Class 2 Backfill material behind the

abutments.

The length of approach slab (L) should be related to the projected long-term settlement (A) of the
sleeper slab that would occur after the pavement structure is placed such that A/L < 0.005. The

study provides examples for computing the settlement of fill and foundation soil layers.

Replacement of the concrete approach and sleeper slabs with full depth asphalt approach slabs
should be considered when the settlement is significant and occurring for a long period of time.

Regular maintenance overlays will be needed.

The expansion device placed on top of the sleeper slab should be installed at an elevation that
matches the as-constructed and surveyed grades of the bridge and approach roadway (minor
adjustments from the design elevations), or even higher by up to one inch (for approach slab of
20 ft long) to compensate for the anticipated post-construction settlements (if pre-loading is not

performed).
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With regard to placement of backfill materials, it is suggested to add a construction requirement
of vibration for the flowfill and compaction requirements as those established by CDOT for
rocky embankments for Class B Filter soil. Further, it is recommended that CDOT’s
specifications for compaction of abutment and embankment fill soils be more rigorous,
especially during the cold season, and for compaction of the top of a desiccated foundation soil
layer that is susceptible to wetting induced softening. Compact granular fill soils wet of the
optimum moisture and, after compaction is completed, consider dousing the soil with water to

reduce the potential for future collapse.

For MSE approaches, the recommended design active and passive earth pressures should be
considered with caution because they are based on limited data. It is recommended to use a
softer (less dense) and thicker compressible (e.g., polystyrene) sheet in the upper zone of the

abutment wall to minimize lateral earth pressures.

This study provides some criteria for selecting the appropriate location of test holes in the
subsurface geotechnical investigation and suggests application of seasonal corrections to the
measured SPT data if they are collected during the dry or cold seasons of the year. Three new
measures are recommended to ensure that the joint placed above the sleeper slab does not allow
water to seep into the soil under the sleeper slab. In addition it is recommended that drainage
inlets at the end of a bridge deck to collect surface water before getting to the approach slab be
adopted as standard design detail on all bridges. Current problems with drainage pipes, which
seem not to work in many cases, should be corrected. It is recommended to place the expansion
device over the abutment wall and not over the sleeper slab to prevent dragging of the approach
slab which results in cracking. Finally, recommendations for forensic investigations and repair

of bridge approaches are outlined.
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1. INTRODUCTION
1. Background

A bump often develops at the end of a bridge near the interface between the abutment and the
approaches. The main cause of uneven settlements in typical bridge foundation systems is the
use of different foundation types. That is, while the approaching roadway structure is typically
founded on compacted backfill soil, the bridge abutment is typically founded on much stronger
soils or bedrock by deep foundations. Bridge bumps cause uncomfortable rides, create hazardous
driving conditions, and require costly, frequent repairs with traffic delays. The problem affects
25% of the bridges in the United States, approximately 150,000 bridges, and the amount of
maintenance required is estimated to be at least $100 million every year (NCHRP Synthesis 234,
1997). The bump problem is a complex problem involving a number of components, including
the natural foundation soil, the fill material, the foundation type used to support the abutment, the
abutment type, the structure type, the bridge/roadway joints, the approach slab, roadway, and the
construction methods. Numerous investigations have been undertaken during the past decades to
identify the causes and minimize the differential settlements between the bridge abutments and
their approaches. The most commonly reported causes of the bump in order of importance
(NCHRP Synthesis 234, 1997) are:

Compression of the fill material
Settlement of the foundation soil
Poor construction practice

Poor drainage

Poor fill material

Loss of fill by erosion

Poor joints

Temperature cycles

A

1.2 CDOT’s Needs for Bridge Approaches

Before 1992, the Colorado Department of Transportation’s (CDOT’s) measures to alleviate the
bridge bump problem included the extension of wing walls along the roadway shoulders, and use
of approach slabs and granular backfill (Class I Structural Backfill) behind the abutments. The
approach slab is supported by the bridge abutment wall at one end and a sleeper slab foundation
at the roadway end. The use of an approach slab allows a gradual distribution of any approach

settlement and a smoother transition between the bridge and approaching roadway. CDOT began

1-1



using concrete approach slabs in the 1970s, and the majority of CDOT’s bridge approaches built

since 1990 have been constructed with the approach slab tied to the abutment wall.

Since 1992, CDOT has implemented several additional improvements to construction of bridge
approaches in order to alleviate the bridge bump problem. Most of CDOT’s new bridges are
constructed with an integral abutment system where the abutment and the superstructure are
rigidly connected to eliminate or reduce joints in the bridge superstructures. The integral end
diaphragm type abutments are mostly supported by deep foundations. It is estimated that 10% of
CDOT’s bridge abutments are supported by shallow foundations, 50% by drilled shafts, and 40%
by driven piles. Temperature cycles are more critical in integral abutments since the expansion
and contraction of the bridge decks and girders lead to lateral displacement of the approach
backfill. To overcome this problem, a very small gap or a compressible material (around 15 cm
in thickness) is incorporated between the abutment fill and the bridge abutment. Four new

systems for construction of bridge approaches have been implemented:

A. Flowfill Bridge Approaches. In November 1992, CDOT began using flowfill (a low-strength

concrete mix) backfill behind the abutment wall to reduce the approach settlements. The self-
leveling ability of flowfill allows it to flow, so no compaction is needed, and fill voids and hard-
to-reach- zones (curved and cornered zones). Also, it experiences negligible settlements after
curing. A total of 110 bridges were constructed with flowfill abutment backfill from 1993 to
2001 (none could be found in 2002 and 2003). Given the high cost of flowfill ($76 per cubic
yard in 2005) relative to conventional embankment material, the performance of existing

installations should be studied to determine if this practice is worth continuing.

B. MSE Class 1 Backfill Bridge Approaches. The use of MSE (mechanically stabilized earth)
Class-1 backfill behind abutments wall as a lower cost alternative to flowfill ($37 /CY in 2005)

has been a growing practice in Colorado. Standard details for MSE abutment Class-1 backfill
were introduced in CDOT on May 21, 2000. A total of 14 bridges were constructed with MSE
Class 1 Backfill between 1999 and 2003 (none before 1999). Most of the reinforcements in the
MSE embankments are geofabric wrapped around the back face of the abutment, but geogrid

(stiffer) reinforcements are considered in some situations to stiffen the backfill and further
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reduce the approach settlements. The reinforced fill behind the abutment is used to build a
vertical, self-contained wall capable of holding an approximately vertical shape and forming an
air gap between the abutment and retained fill. By installing tensile reinforcements in the fill, it
has been reported that a stiffer approach would be created. However, no field performance

records are available for CDOT’s MSE approaches with Class-1 Backfill.

C. MSE Class B_(Porous) Backfill Bridge Approaches. In the last few years, Class B filter

material has replaced the Class-1 Backfill in construction of 10 new MSE backfill bridges (cost
$57/CY in 2005). Class B filter material was selected because it is more free draining, is less
susceptible to wetting induced softening/collapse, less erodible, has less fines for clogging
drainage systems, and requires less compaction effort compared to Class-1 Backfill. Although
these engineering properties are superior, performance information of the system was still

needed.

Note that in Systems A, B, and C, the abutment walls were supported by deep foundations and

this is not the case with System D presented next.

D. GRS Abutment System. In the Founders/Meadows bridge structure, constructed in 1999

near Denver, Colorado, geosynthetic-reinforced soil (GRS) walls were employed to support the
shallow footings of a two-span bridge and the approaching roadway structures (see Chapter 6 for
complete details, Abu-Hejleh et. al., 2000 and 2001 for references). The approaching roadway
embankment and the bridge footing were integrated at the Founders/Meadows structure with an
extended reinforced soil zone in order to minimize/alleviate the uneven settlements between the
bridge abutment and approaching roadway (main cause of the bridge bump problem). This
structure was considered experimental, and its approaches were instrumented during construction
with moisture gages, strain gages, and pressure cells and profilometer tests were conducted to
evaluate the smoothness of the approaches. Monitored performance data were periodically
collected from beginning of construction through five years of service. There is a need to
document and evaluate these data and summarize the lessons that are learned from this unique

structure.
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1.3  Study Obijectives and Overview of the Report

But significant settlement at the sleeper slab in flowfill and MSE approaches still occurs, causing
an abrupt change in elevation grade at the sleeper slab, resulting in high repair costs.
Performance information on the recent systems and measures employed by CDOT to alleviate
the bridge bump problem are needed. CDOT engineers need to know if their current practice is
worth continuing or how it can be improved. In particular, the causes and sources of the
approach settlement problem in Colorado bridges must be identified so that best practices can be

implemented. This study was proposed to address all these needs.

The objective of this study is to provide recommendations to improve CDOT’s current practice
for construction of bridge approaches (improve performance and reduce costs). Several tasks
were performed to meet this objective:

1. Summarize CDOT’s current practice that has evolved since 1993 for the geotechnical
investigation, construction, and repair of bridge approaches and the comments and suggestions
collected from CDOT Staff and reported in the literature to improve this practice (Chapter 2 and
Appendix A). The current typical CDOT bridge approach system includes a foundation soil layer
where subsurface geotechnical investigation is performed followed by performing settlement
analysis, an embankment fill soil layer placed on top of the foundation soil layer, a high quality
backfill material (flowfill or MSE Backfill) placed behind the abutment wall and beneath the
approach and sleeper slabs (described before), surface and internal drainage systems, and

expansion joint device typically placed on top of the sleeper slab.

2. Provide detailed descriptions of all possible causes of the bridge approach settlement
problem at the sleeper slab and the information needed in a forensic investigation to identify the
causes and sources of this problem and determine if the settlement problem has more or less
ended or if significant settlement potential remains in the future (Chapter 3). The causes include
compression and creep movements of the fill and foundation soil materials (due to compressible
soil layers, and applied static and dynamic loads), thermal movements of the bridge

superstructure (of more concern with integral abutments), lateral movement of side walls (MSE



walls must laterally move to mobilize the tensile resistance of its reinforcements) problems in the
geotechnical investigation, problems encountered during construction, and inadequate
performance of the expansion joints and the drainage systems. A detailed description of the
influence of moisture and temperature on soil settlements is presented. The information needed
in a forensic investigation is: design, materials, and construction records of the bridge approach;
structure, level, location, and time progression of the settlement problem; and information from a
comprehensive subsurface geotechnical investigation that is described. Chapters 3, 4 and 5
present the procedure to collect and analyze this information for bridge approaches that

experienced approach settlement problems.

3. Evaluate and compare the field performance and cost-effectiveness of bridge approaches
constructed by CDOT with flowfill and MSE backfill materials (Chapter 4, Appendices B and
C). Performance of side by side flowfill and MSE bridge approaches is presented for two bridges
in Region 4. A procedure was developed and applied to: 1) evaluate the performance of MSE
and flowfill bridge approaches, and 2) Estimate the total unit cost (construction and repair)
needed to maintain acceptable performance of CDOT’s flowfill and MSE bridge approaches over
their entire service life (for comparison between flowfill and MSE approaches). The performance
and cost (construction and repair costs) information were obtained from records collected by the
CDOT Bridge Management Section, input from CDOT’s Regional Maintenance Offices, and
field visits, and from information published by the CDOT Engineering Estimates & Market
Analysis Unit. Performance ratings for bridge approaches reflected the range of settlement
experienced by the bridge approaches at the sleeper slab and the traffic speed (significant to

moderate to slight bump problems).

4. Conduct a forensic investigation (including short- and long-term settlement analyses) on
the MSE and flowfill bridge approaches that experienced significant settlement problems. The
purpose is to determine the causes and sources of the current settlement problem and if this
settlement has more or less ended or if significant settlement potential remains in the future
(Chapter 5 and Appendix C). This information is needed to develop an effective plan for repair
and mitigation of the settlement problem. The investigation was performed on five bridge

structures, with three thoroughly investigated:
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a)  Salt Creek Bridge along SH 50 (L-18-BD, MSE Backfill) in Region 2.
b)  SH 287 Over Little Thompson River (C-16-DK, flowfill) in Region 4.
c) [-70/1-225 Interchange in Region 6 (flowfill).

And two more were previously investigated by CDOT Soil and Foundation Units:
d)  Structure E-19-Z on US 36 East of Bennett in Region 1 (MSE Backfill).
e) Structure E-17-PR @ I-76 at 136" Ave in Region 6 (flowfill).

5. Compile and analyze the data collected over five years on the performance and design
assessment of the measures employed in the Founders/Meadows Bridge to alleviate the bridge
bump problem (Chapter 6). Analysis of these performance data also provides insight into the
behavior and validity of some of the design assumptions for MSE and Flowfill bridge

approaches.

6. Based on the results of previous tasks summarize the study findings and the

recommendations learned to improve CDOT’s current practice for bridge approaches (Chapter 7).
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2. CDOT’S CURRENT PRACTICE FOR BRIDGE APPROACHES

2.1 Overview

The evolution of CDOT’s practice since 1993 for construction of bridge approaches is described
in this chapter. The bridge approach system includes the following components: approach slab,
drainage system and expansion joints, abutment backfill, embankment fill, and foundation soil.
The main details of the bridge approach system are listed in Appendix A (Figures A.1 to A.6).
Currently, CDOT has standards for details of MSE or flowfill abutment backfill materials used
with concrete approach slabs (See Figures A.1 and A.2.) or without approach slabs (with asphalt
approach slabs, see Bridge Worksheet B-206-M2 at http://internal/StaffBridge). Most (estimated

95%) of CDOT’s bridge structures built in the last 13 years (since 1992) were constructed with a
concrete approach slab (see Figures A.3, A.4, and A.5 for details) and a bridge expansion device
(Figure A.6) installed at the sleeper slab foundation. The main sources for the information
presented in this chapter are the CDOT Bridge Web Page that can be accessed online at
http://internal/StaffBridge and CDOT Standard Specifications that can be accessed online at

http://www.dot.state.co.us/DesignSupport/Construction/1999text.htm.

2.2.  Abutment Walls, Foundations, and Wing Walls

Most of CDOT’s new bridges are constructed with an integral abutment system where the
abutment and the superstructure (girders and decks) are rigidly connected (through steel
reinforcement and monolithic pour of concrete) to eliminate or reduce joints in the bridge
superstructures. The integral, end diaphragm type abutments are mostly supported by
foundations. It is estimated that 10% of CDOT’s bridge abutments are supported by shallow
foundations, 50% by drilled shafts, and 40% by driven piles. The abutments are usually
supported on deep foundations because of stipulations such as bridge scour, and cost and benefit
of carrying heavy loads with the latter being more dominant. Deep foundations are the most
efficient means of transferring heavy loads from superstructures to substructures and bearing

materials without significant distress from excessive settlement.
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It has been a common practice at CDOT to use wingwalls for U-type Abutments. Normally, a
wing wall will be cantilevered off the abutment. When the required wingwall length exceeds a
practical length, a retaining wall is recommended. The same foundation system is recommended
for supporting both the retaining and abutment walls to reduce risk of the retaining wall
settlement relative to the abutment. The wing wall could be replaced with MSE walls, especially
if MSE walls are employed to support the soil beneath the abutment wall.

2.3  Concrete Approach Slab

Subsection 7.3 of the CDOT Bridge Design Manual reads as follows. “Approach slabs are used
to alleviate problems with settlement of the bridge approaches relative to the bridge deck. The
main causes of this settlement are movement of the abutment, settlement and live load
compaction of the backfill, moisture, and erosion. Approach slabs shall be used under the
following conditions:

1. Overall structure length greater than 250 feet.

2. Adjacent roadway is concrete.

3. Where high fills may result in approach settlement.

4. When the District requests them.

5. All post-tensioned structures.”

CDOT started using concrete approach slabs in the 1970s. Most (estimated 95%) of CDOT’s
bridge structures built in the last 13 years (since 1992) were constructed with concrete approach
slabs. Construction of a new approach concrete slab is also considered in the rehabilitation of old
bridge approaches. The remaining 5% of bridge approaches are constructed with asphalt
approaches. Use of asphalt approaches is considered with smaller span bridges, bridges with low

traffic, and when an adjacent roadway is asphalt.

CDOT provides three different details for the use of concrete approach slabs:
1. Concrete approach slab overlaid by 3” hot bituminous pavement (HBP) over
waterproofing membrane that extends to the bridge deck and approaching roadway
(Figure A.5). In this case, an expansion device is not employed. This detail, with
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minimum length for approach slab of 14 ft, should not be used when the bridge length
exceeds 250 ft, on bridges with integral abutments, nor when the approach roadway is
concrete.

2. Concrete approach slab overlaid by 3” hot bituminous pavement over waterproofing
membrane that extends to the bridge deck (Figure A.4.). In this case, an expansion device
is employed. In this and the next case, the minimum length of approach slab is 20 ft
(length revised on February 29, 1999).

3. Concrete approach slab with Bridge Expansion Device. This is used primarily with bare

concrete bridge deck and adjacent concrete roadways (Figure A.3).

When the adjacent roadway is concrete, an expansion device is required between the end of the
roadway and end of approach slab. In all cases, the approach slab is anchored to the abutment.
The length of concrete approach slab ranges from 14 ft to 30 ft with a constant thickness of 12
inches. All of CDOT concrete approach slabs have a sleeper slab (discussed later) placed directly

on the abutment backfill.

Dr. Trever Wang from CDOT Bridge Staff suggested that the length of approach slab be related
to the depth of abutment of the bridge. Note that a longer approach slab requires a structural

design with possibly larger concrete thickness and amount of reinforcements.

2.4 Abutment Backfill

2.4.1 Conventional Granular Class 1 Structure Backfill

Before 1992, CDOT measures to alleviate the bridge bump problem included the extension of
wing walls along the roadway shoulder, and use of approach slab and granular backfill (Class |
Structural Backfill) behind the abutments. The materials and construction requirements for
Class-1 Backfill are presented in Table 2.1. Lift thickness is limited to 6 inches before

compaction.
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Table 2.1. CDOT Material and Construction Requirements for the Granular Class 1

Backfill.
Requirements |
1. Gradation |
50 mm, (% Passing) 100
Sieve # 4 ((% Passing) 30-100
Sieve # 50 (% Passing) 10-60
Sieve # 200 (% Passing) 5-20
2. Liquid Limit (%) <35
3. Plasticity Index (%) <6
4. Dry Unit Weight (kN/m®) 95% of AASHTO T-180

2.4.2 Flowfill Structural Backfill

In November 1992, a CDOT Bridge Structural Worksheet was created for the use of flowfill (a
low-strength concrete mix) backfill behind the abutment wall. The material requirements for the
flowfill backfill are listed in Table 2.2. The current details for flowfill approaches are shown in
Figure A.1. This revision was introduced to reduce shallow approach settlements (those resulting
from the backfill), to prevent softening/erosion of the fill even if water infiltrated through the
joints, and to improve constructibality/compactability of the fill behind the walls and around

corners.

Table 2.2. CDOT Material Requirements for Flowfill Backfill.

Ingredient Lbs/C.Y
Cement 50
Water 325 (or as needed)
Coarse Aggregate 1700
(AASHTO N. 57 or 67)
Fine Aggregate (AASHTO 1845
M 6)

The maximum lift thickness for flowfill is 3 feet and placement of additional layers is not
permitted until the flowfill has lost sufficient moisture to be walked on without indenting more
than 2 inches. Vibration to consolidate flowfill as in regular concrete is not required in CDOT
construction specifications for flowfill. Some CDOT construction engineers argued that vibration
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of the flowfill would further help alleviate the bridge bump problem (vibration-induced
settlements of flow fill up to 2” were reported) and would stiffen the flowfill and allow it to set

faster.

Before May, 31, 2000, the fill was placed on 1:1 slope (not the 2:1 slope as shown in Figure
A.1). The construction of a 1:1 embankment slope with adequate compaction is difficult. The 2:1
slope also provides a smoother transition in stiffness from the abutment backfill to the adjacent
embankment, further reducing the potential for approach settlement. This change in the slope,

however, increased the quantities for flowfill especially in structures with deep abutments.
2.4.3 Mechanically Stabilized Class-1 Backfill

Details for MSE abutment Class-1 backfill instead of flowfill were introduced in CDOT on May
21, 2000 (Figure A.2). Most of the reinforcements in the MSE embankments are geofabric
wrapped around at the abutment, but geogrid (stiffer) are considered in some situations to stiffen
the backfill and reduce settlements. The reinforced fill behind the abutment is used to build a
vertical, self-contained wall capable of holding an approximately vertical shape and forming an

air gap between the abutment and retained fill (Figure A.2).

Thermal expansion and contraction of the bridge superstructure (decks and girders) cause lateral
displacement of the approach backfill. This is a more critical factor with the use of integral
abutment bridges, where abutment walls are strongly attached to the superstructure without
joints. To overcome this problem, a system was developed where a very small gap (around 15
cm) is incorporated between the reinforced fill and the bridge abutment (Reid et al. 1998). It is
hypothesized that the gap behind the abutment would allow for the thermally-induced
movements of the integral abutment without affecting the backfill, thus reducing the applied
passive stresses on the backfill soil to near zero. At the same time, this system would help to
mobilize the shear strength of the retained approach fill and tensile resistance of the
reinforcement, thus reducing the horizontal active soil pressure on the abutment wall. In later
CDOT details, this gap was filled with 3” thick “compressible” low-density polystyrene or

“collapsible” cardboard (Figure A.2) and it is also employed with flowfill approaches (Figure
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A.1). This feature was incorporated in the Founders/Meadows structure and performance results
of this feature will be presented in Chapter 6.

Since 1999, the use of MSE backfill behind abutment walls as a cost-effective alternative (unit
cost is $37 in 2005) to flowfill ($76 in 2005) has been a growing practice in Colorado. In 1999
CDOT spent $1,220,000 on flowfill. Due to the change in practice to MSE backfill, this dropped
to $300,000 in 2000. 2003 data suggest that 80% of new bridges are constructed with MSE
backfill and 20% with flowfill backfill. Although the main advantage of MSE backfill is cost
savings, the MSE technology may also provide several options for optimizing the abutment and
wingwall design including:

e Replacing long cantilever wingwalls with MSE walls.

e Replacing the bottom portion of tall abutment with MSE wall,

e Reliably and economically removing earth pressures from the abutment/wingwalls.

As flowfill does, MSE backfill will also reduce shallow settlement effects, and with fabric wrap,
provide superior retention of fines, but for less cost than flowfill. However, no field performance
records are available for approaches constructed with MSE backfill. The MSE backfill will not,
however, be as quick or as easy to construct as flowfill. Consequently flowfill will remain an
option for projects where these advantages warrant the additional costs; e.g., a project where the

excavation presents a deep awkward hole to fill in a minimum amount of time.

2.4.4. Mechanically Stabilized Class-B Filter Material

Since 2001, 5 bridges in Region 6 and 5 bridges in Region 4 were constructed with Class B filter
material (see Table 2.3 for specifications) in lieu of Class 1 material for the abutment MSE
backfill (see Table B.2 in Appendix B for the locations of these bridges). Most of the details of
the bridge approaches were similar to those described for Class 1 backfill. In structures D-17-DN
and D-17-DM in Region 4, the expansion devices were placed at the abutment wall, which
according to Dick Osmun from CDOT Staff Bridge, is to prevent dragging of the approach slab
due to the expansion and contraction of the bridge superstructure. This dragging may cause
cracking. In structures D-17-CR and C-17-T in region 4, the drainage details were different from

those of CDOT standards. The specifications required that the reinforced structure backfill resist
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the loads carried by the sleeper slab with settlement less than 1% of the backfill height in order to
minimize significant settlement or rotation of the approach slab. The specifications also required
compacting the backfill to 95% of the maximum density as determined by AASHTO T-99.
However, there is currently no quality control test procedure to ensure this compaction
requirement is fulfilled. This created a problem for the field project engineers. To ensure
appropriate compaction level for this backfill material, using compaction specifications similar to

those established for the rocky embankments (Section 2.6) could be adopted.

It seems that Class B Filter Material has been considered by some CDOT engineers for the

following reasons:

1. The water will not soften or collapse the backfill, all possible with Class 1 backfill as
demonstrated later in this report.

2. Preserve the backfill behind the abutments and wingwalls without loss of materials due to
erosion, water intrusion, or surface and subsurface drainage.

3. It will not cause clogging of the internal drainage systems.

4. It is more free draining than Class 1 Backfill. This will prevent the possible buildup of a
pressure head in the backfill and the soil beneath.

5. Minimal compaction efforts are needed.

Table 2.3. CDOT Specifications for Class B Filter Materials.
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2.5 GRS Abutment System

In the Founders/Meadows bridge structure, constructed in 1989 near Denver, Colorado,
geosynthetic-reinforced soil (GRS) walls were employed to support the shallow footings of a
two-span bridge and the approaching roadway structures. This system is referred to as GRS

Abutment (see Chapter 6 for complete details, Abu-Hejleh et. al., 2000 and 2001 for references).

The main cause of uneven settlements in typical bridge foundation systems is the use of
foundation type for the bridge abutment different than for the approach roadway. That is, while
the approaching roadway structure is typically founded on compacted backfill soil, the bridge
abutment is typically founded by deep foundations on stronger soil and bedrock. To overcome
this problem in the Founders/Meadows structure, the approaching roadway embankment and the
bridge footing were integrated with an extended reinforced soil zone in order to
minimize/alleviate the uneven settlements between the bridge abutment and approaching
roadway. Several measures were also implemented in this project to prevent surface water and
groundwater from reaching the reinforced soil mass and the bedrock at the base of the fill. A
compressible 75 mm thick low-density expanded polystyrene sheet was placed between the
reinforced backfill and the abutment walls to accommaodate the thermal cyclic movements of the
integral abutment walls. This structure was considered experimental, and its approaches were
instrumented during construction with moisture gages, strain gages, and pressure cells and
profilometer tests were conducted to evaluate the smoothness of the approaches. Monitored
performance data were collected from beginning of construction through five years of service.
As presented later in Chapter 6, the collected performance data provide insight into the behavior
and validity of some of the design assumptions of CDOT MSE and Flowfill bridge approaches.

2.6 Approach Embankment

Compacted roadway embankments are needed between the abutment backfill and existing
ground (i.e., not needed behind the abutment backfill for bridges in cut as seen in Figures A.1
and A.2).
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Section 203 of CDOT Standard Specifications provides details for the material and construction
requirements of embankment materials. Embankment material shall consist of approved material
acquired from excavations, hauled and placed in embankment. Section 203 states that frozen
materials shall not be used in construction of embankment. Embankments shall not be
constructed entirely of large rock but shall be constructed in a manner that provides a dense,
well-graded, earthen mass. Rocks having any dimensions greater than 4" shall not be placed in
the top two feet of embankment. Approval for the embankment material will be contingent on
the material having a resistance value specified in the project when tested by Hveem
Stabilometer, or equivalent resilient modulus, of at least that specified in the contract, and a
maximum dry density of not less than 90 pounds per cubic foot. The material must be stable
when tested in accordance with Colorado Procedure L-3102. Embankment materials include soil

embankment, rock embankment, and rock fill.

Soil Embankment (materials smaller than 4.75 mm) shall be constructed with moisture density

control. Maximum dry density and optimum moisture content of all soil types is determined in
accordance with AASHTO T 99 or T 180. For A-1, A-3, A-2-4 and A-2-5 granular soils, placed
loosely in horizontal layers not exceeding 87, the minimum relative compaction is 100%
following T-99 or 95% following T-180. All other finer soils should be compacted to a minimum
relative compaction of 95% of the maximum dry density as determined in accordance with T 99
or 90% with T 180. The amount of water to be used in compacting A-2-6, A-2-7, A-4, A-6, and
A-7 (fine soils) shall not deviate from optimum on the dry side by more than two percentage
points. A-4 soils that are unstable at the above moisture content shall be compacted at a lower
moisture to the specified density. The amount of water used in compacting all other soils shall be
as required to obtain the required percent relative compaction. Some CDOT Project Special
Provisions (not standards for all projects) read as “Embankment material containing primarily
soils shall be moisture conditioned to +-2 percent of optimum moisture content based on
AASHTO T 180 compaction criteria.

Rock Embankment (materials with 50% or more by mass, at field moisture content, larger than

4.75 mm and smaller than 150 mm). Rock embankment shall be constructed without moisture

density control. Each layer of rock embankment shall not be covered by another layer until the
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engineer is satisfied that adequate compaction has been obtained. Rock embankments are largely
used by CDOT in the mountain areas where more specific requirements for the construction of
rock embankments are developed and incorporated into project special provisions. Some of these
specifications are as follows. Rock embankment shall be sprayed with 20 gallons of water per
cubic yard of rock fill prior to compaction. Heavy vibratory compactors with weights of at least
15 tons and vibratory frequency of 30 hertz shall be used for compaction of all embankments.
The presence of water will ease compaction of the fill especially with the use of heavy vibrator
rollers. It becomes easier for the fill soil materials to move to a denser configuration: the finer
soil particles fill the voids between the large soil particles. The Contractor shall incorporate test
fills in the work including rock embankment to establish and demonstrate methods and
procedures to moisten and compact fill materials to specified conditions. Based on the results of
test fills, the minimum number of passes of each type of compactor shall be chosen which
consistently produces the minimum specified relative compaction. Each subsequent layer of fill
shall be compacted with the minimum number of passes developed above. Additional compactor

coverages shall be made as needed to obtain the minimum specified relative compaction.

2.7 Bridge/Roadway Drainage Systems

One of the important means of maintaining the strength and avoiding water-induced backfill
distress or even failure of embankment and backfill is to prevent surface and ground water from
entering the fill and embankment. Cracks in concrete pavement are often noticed close to the
expansion joint. Water leaking through faulty joints and cracked concrete seems to soften the fill
and cause internal erosion as the fines are washed out. This can create voids beneath the
approach slab (the influence of water is presented in great detail in Chapter 4). To provide an
adequate internal drainage system behind the abutment and wingwalls, a layer of Class-B filter-
material is constructed before placement of the backfill. A six—inch diameter perforated pipe is
installed at the bottom to collect excess water. This water, in turn, is then carried by a non-
perforated pipe which daylights through the wing walls. Other drainage systems were
incorporated in Structure E-17-PQ (see Figure 4.3) and in the Founders/Meadow structures
(Chapter 6). It is a standard in CDOT guidelines to place an impervious membrane with collector

pipes at the top of the MSE wall, but it is not standard for MSE backfills for bridge approaches.
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It is recommended to place similar membrane details in CDOT bridge approaches that are
constructed with MSE Class 1 backfill.

On November 1, 1999, changes were made to Subsection 16.1 of CDOT Bridge Design Manual
titled “Bridge Drainage.” A complete Bridge drainage system consists of:

1. The Bridge Deck Drainage System (BDS) includes all drains located on the bridge decks
and the means used to convey the water collected by them. Based on the hydraulic
recommendations and structural design of the bridge, appropriate locations for deck
drains are selected. Use of curb cuts for deck drains is discouraged. Pipes are attached to
the deck drain. Revisions of Section 513 provide a description of the material and
construction requirements for pipes and downspout pipes for bridge drains.

2. The Bridge End Drainage System (BEDS) intercepts drainage immediately upslope or
down slope of the bridge and daylights between 6” and 1’ above the toe of the fill or the
rip-rap at that location.

On February 29, 1999, new revisions were made for placement of bridge rails on approach slabs
instead of wingwalls (rail and approach slab are rigidly connected as in the details shown in
Figures A.3 to A.5). This important revision eliminated the joint between the rail and approach
slab, thus reducing the infiltration of surface water through joints to the fill. Also, drainage inlets
are now placed in the approach slab, or end of deck, to collect the bridge surface water before it
reaches the expansion joints. This helped in preventing the water from infiltrating into the

backfill beneath the approach slab.

Mr. Rene Valdez recommended making it standard, not a designer choice; to place a drainage
inlet at the end of a bridge deck before getting to the approach slab. It seems that the calculated
bridge camber usually does not work out right, and water is retained at the abutments and many
times the pier locations as well. Installing drains on the bridge near the abutment would improve

the standing water problem at the bridge ends that contribute to the approach settlement problem.
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2.8 Bridge Deck Expansion

Bridge decks experience translation movements due to thermal changes. As the temperature
rises, the deck expands in length and as the temperature decreases, the deck contracts. Creep,
shrinkage, and prestressing of concrete also cause permanent span length changes over time
(growth of span). All these actions led in the past to damage to the abutment walls, especially
when concrete roadway pavement is placed next to the bridge. To address this issue, bridge deck
expansion joints are placed on sleeper slabs and/or the abutment wall. Bridge deck expansion
joints are not recommended when the superstructure and substructure can be economically
designed to accommodate the resulting thermal, creep, and shrinkage deformations and forces.
Expectations from the bridge expansion device are to: 1) allow for expansion and contraction of
bridge structures, 2) seal the sleeper slab to prevent water, salt, and other roadway contaminants
associated with deck and roadway runoff from entering the fill, and 3) provide a smooth, quiet

roadway surface.

The bridge expansion joint is often moved from the abutment wall to the sleeper slab. If the
expansion joint is not properly maintained, the problem (water leakage) is then moved to the
roadway end of the bridge approach. Contraction is restrained by ground friction on the lower

surface of the approach slab, which could lead to open cracks.

According to Section 15.1 of CDOT Bridge Design Manual, the armored elastic strip seal joints
(Figure A.6) had the best long-term performance and are recommended for use on all new
construction, at the end of approach slabs, and at any joint with anticipated movement normal to
the joint of 4” or less. Strip seal joints consist of a premolded gland of neoprene rigidly attached
to a metal facing on both sides of the joint. On May 18, of 2001, the armor-angles were removed
and replaced with two armor legs to protect the surrounding concrete. Modular expansion
devices that consist of multiple strip seals are recommended when the range of movements
exceeds 4 inches. The new type bridge expansion device has two armored legs and is expected to
have better performance than the old type. For replacement of failed joints where the movement

at the joint is 2 inches or less, plug expansion devices are recommended.
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The expansion device was extended in 1994 to the curb and bridge rail (Figure A.3 and A.4). The
lack of expansion devices in these locations led in the past to drop, shift, and break up of the

bridge rails due to the expansion movement of the bridge and approaches.

Lessons learned from NCHRP Synthesis 319 Report on bridge joints published in 2003.

e Several states include performance standards for new joint seals, with new requirements to
ensure the joint doesn’t leak.

e Lessons to maximize the joint seal service life are provided.

e Most bridge owners favored the premolded strip seal joints for short-to moderate spans. This
type of joint is best used when the movement rating is beyond the capacity of compression
seal and for larger skews.

e For longer spans, the preferred joints were the finger joint and the modular system joint. For
those who give cost a high priority, the finger joint (open joint) was preferred, with a trough
to collect material passing through the opening. For those who demanded watertightness, the

modular system was the choice.

2.9  Foundation Investigation at Bridge Approaches

2.9.1. Subsurface Geotechnical Investigation

Approach embankments require more detailed geotechnical exploration than other embankment
areas. Typically, test borings (drill holes) for the approach embankment are located at the
proposed abutment locations to serve a dual function. The depth of the boring will usually be
determined by criteria established for the structure design (see AASHTO Manual on subsurface
investigation, 1988; and Abu-Hejleh et al., 2003). In all cases, a boring will extend a distance
into competent soil or rock of suitable bearing capacity or to a depth where added stresses due to
estimated footing load is less than 10% of the existing effective soil overburden stress,
whichever is the greater (AASHTO, 2002). Additional shallow explorations are commonly taken
to a depth of twice the embankment height, or based on experience with local geologic
conditions. The objective of these borings is to obtain information and samples necessary to

define soil and rock foundation subsurface conditions for the approaches.
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Test holes are advanced using a 7 1/2-inch diameter hollow stem auger (HSA) or 4-inch diameter
continuous flight power auger. The most common field sampling and penetration testing
procedures used in Colorado are the standard penetration test (SPT) method in accordance with
ASTM D1586 and the California Sampler (see Abu-Hejleh et. al., 2003 for complete details of
these techniques). CDOT drill rigs have automatic hammers via a chain mechanism that ensures
the appropriate drop height for each blow. With these two techniques, driving resistances (N-
value or # of blows to drive 12”) of the soil at different depths of the same hole are obtained and
samples are recovered for visual inspection in the field and subsequent laboratory testing.
Laboratory testing includes gradation (e.g., % of gravel, % of sand, and % of fines: silt and clay)
and Atterberg Limits (LL for liquid limit and PI for plasticity index) and insitu water content.
These results are used to classify the soil by both AASHTO classification (e.g., A-7, A-6) and
the Unified Classification System (e.g., CH and CL). From the soil samples recovered with the
California sampler, information on the in situ soil unit weight (y) can also be measured. For
faster testing and when there is no need to recover soil samples, the Continuous Penetration Test
according to Colorado Procedure CP-L 3201 is performed to get a rough estimate of the
penetration resistance of soil layers. Measured driving resistance values (N-values) are employed
to describe the relative density of granular soils and consistency of cohesive soils per Table 2.4.
PVC piezometers are installed in borings to monitor groundwater conditions.

The generated logs summarize the description of the soil layers encountered, locations and types
of recovered soil samples, results of the driving resistance values (N-values) at various depths,
and locations of the Groundwater Table (GWT). Occasionally, as needs arise, consolidation tests
(AASHTO T 216) may be performed on undisturbed cohesive soil samples obtained with either

the Shelby tubes (pushed in relatively softer soils) or the California Sampler.

Table 2.4. Colorado’s Description of Soils Based on SPT-N Values.

Cohesionless Soils Cohesive Soils
Penetration Description Penetration Description
Resistance (Blows/ft) Resistance (Blows/ft)
0-4 Very lose 0-2 Very Soft
4-10 Loose 2-4 Soft
10-30 Medium Dense 4-8 Medium Stiff
30-50 Dense 8-16 Stiff
Above 50 Very Dense 16-30 Very Stiff
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2.9.2 Settlement Analysis

The approach settlement can be attributed to two major sources: settlement of the new
compacted fill (abutment fill and embankment fill) and settlement of the foundation soils, thus
the settlement must be assessed for both sources (see more comprehensive discussion in Chapter
4),

No routine settlement analysis is performed for fill materials, expected to be stiff or dense once
compacted per CDOT compaction requirements (as presented before). Settlement for properly
compacted backfill material is roughly estimated to be 1% of the total fill height (some
consulting firms assume 0.5%). When the compacted fill is granular soil, the settlements take
place almost instantly and are easier to evaluate and resolve (correctable). It is often reported that
the wall’s granular backfill will consolidate during and after construction and this settlement is
related to the depth of the fill, the degree of compaction, the moisture content, and type of fill.
This assumption is evaluated later in this study. When compacted clay fill is employed for
construction of embankments around the abutment fill, the settlement becomes time dependent
and the investigation requires information on the consolidation characteristics of the placed fill.
No guidelines are available to estimate the magnitude and timing of settlement of clayey

embankment fill materials placed around the abutment fill material.

The foundation soils for bridge approaches must be considered excellent (before or after
improvement) with low compressibility: produces little (or tolerable) settlement under the weight
of the new fill and traffic loads. When the foundation soil is granular and/or properly
compacted, the settlement is usually not problematic. When granular or clayey foundation soils
are judged problematic, their properties must be improved through appropriate soil improvement

techniques, until their compressibility is judged acceptable.

Various factors control the level of foundation settlement analysis performed by CDOT (this
paragraph is based on personal communications with Dr. Aziz Khan from CDOT Geotechnical
Office), including height of the new fill and thicknesses and types of the foundation soil layers.

Rigorous settlement analysis for foundation soil may not be needed if the foundation soil is very
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stiff clay, and/or if the height of the embankment fill is small with stiff foundation clay. If the
foundation soil is described as soft clay, then detailed settlement analysis is performed using the
results of consolidation tests performed on representative soil samples. For many cases, the
coefficients of consolidation (for clayey soils) and the stress-strain modulus (for clayey and
granular soils) are roughly estimated through correlations with description of soils from design
charts available in geotechnical engineering literature (e.g., Foundation Engineering by Bowles)
or from design manuals (e.g., NAVFAC). Typical examples of CDOT settlement
recommendations are:

e “Negligible” amount of settlements.

e |t is anticipated that the bearing pressures imposed by the new embankment fill on the clayey
soils will result in time-dependent settlements of approximately 4 inches. It is recommended
that the new embankments be constructed as early as possible to minimize the potential
impact of differential settlement. The minimum period of preloading should be three months.

e The bearing pressures imposed by the retaining walls on the fully saturated soils will result in
time-dependent settlements as shown in Table 2.5. If these settlements are deemed
unacceptable, ground improvement methods can be implemented to minimize the impact of
settlements. It is our understanding that preloading and/or surcharge loads are being

considered to improve the soft foundation materials.

Table 2.5. Typical CDOT Settlement Recommendations for Problematic Foundation Soils.

Estimated Settlement (inches) Settlement Time (months)
Thickness of 50% of 90% of
Silty Clay 24-Foot 18-Foot 12-Foot Estimated Estimated
Layer (ft) Embankment | Embankment | Embankment Settlement Settlement
12 6-8 4-6 2-4 12 48
8 4-6 2-4 1-2 6 24
4 2-3 1-2 1 3 12

Mike McMullen (An ex Senior CDOT Bridge Engineer) wrote on 9/8/03 the following: “I think
a useful internal process change would be to always get quantitative (rather than qualitative)
short term and long term settlement estimates for the soil under the embankment at the abutment

as a part of the foundation report for structures, keeping in mind that the estimates are probably
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off by a factor of two one way or the other. Current geotechnical recommendations can usually
be separated into two recommendations, "no problem™ and "big problem”, as opposed to the
typical reality of 1/2 to 4" inches of settlement of the embankment after pavement placement.
Keep in mind that we need data on the existing structures with a true "no problem™ to

characterize what works as well as locating the problems.”

2.9.3 Soil Improvement Techniques

When soils with undesirable properties occur in the foundation, some strategic measures will
have to be taken to remove or improve the bad soils. Many improvement techniques are available
to improve the soils depending on the soil types. Loose granular soil improvement measures
include surcharge, dynamic compaction, compaction piles, grouting, gravel columns, etc. The
improvement techniques for non-granular soil include preloading, surcharge, and installation of
wick drains, dynamic compaction, excavation and re-compaction, stone columns, lime treatment
and grouting. For the specifics of each technology, readers are advised to refer to the FHWA

manual on ground improvements.

Depending on site conditions, CDOT Geotechnical office can recommend excavating and
replacing clayey material, preloading, and surcharging loads. In addition, the CDOT designer can
choose various ground improvement methods (wick drain, stone columns, compaction grouting).
2.10 Repair of Colorado Bridge Approaches

2.10.1 Overview

The conditions of CDOT bridge approaches are monitored continuously by CDOT maintenance

and bridge inspection personnel as will be discussed in the next chapter.

With no signs of deterioration to the approach slab other than superficial surface cracks or minor
break-up, crack sealing and patching with asphalt are performed by CDOT Maintenance forces.
An approach settlement problem is noticed by CDOT Maintenance from snowplow operations,

clear drop of sleeper slab more than 17, ridability, or from visual inspection by CDOT
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maintenance or bridge inspectors. When a low approach or a bridge bump problem is first
noticed, a leveling asphalt layer, either hot or cold depending on outdoor temperature, may be
applied on the approach slab and adjacent roadway and bridge deck to smoothen the transition
area. If the application of asphalt course is not feasible (approach roadways and bridge decks are
bare concrete), one of the stabilization techniques presented below may be considered to raise
the sleeper slab. If a concrete slab is in bad shape, CDOT maintenance may replace the damaged

slab sections with the use of high-early strength roadway concrete.

If the approach settlement problem is excessive or the approach slab continues to drop with time
(after multiple applications of asphalt overlay), this may warrant a geotechnical subsurface
investigation to determine the causes of the continued approach settlement and pavement distress
and to provide recommendations for one of two remedial measures:

m Application of one of the stabilization techniques presented in the next section to stabilize the
fill. In most cases, the stabilization technique is also employed to smoothen the approaches
by raising the sleeper slab and approaches, especially if application of an asphalt layer is not
feasible, as when adjacent roadways and bridge are concrete.

m Removal and replacement of the approach slab and abutment backfill. This alternative is very
costly and is considered only when it is believed that the problem is in the upper soil layers
close to the ground surface. Any damaged expansion joint or rail may be replaced in this

case.

A comprehensive repair project will also offer a chance to improve the surface drainage
measures and any other details and bring them up to meet CDOT current requirements. For
example, in the repair of Bridge structure E-17-PQ, 4 new bridge deck drains were installed near
the abutments, at the four corners of the bridge deck. Also, for old bridge rails that could not be
replaced to meet current requirements, gaps are now cut in the bridge rails at the expansion joint
location and cover plates are added over the gaps. This is performed to prevent the shift and/or

break up of the Type 4 rail walls due to the expansion of the bridge and approaches.
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2.10.2 Soil Stabilization Techniques

O Pressure grouting under_slab. CDOT Region 6 hires a local company to perform this

technique for stabilizing the soil and filing the voids beneath the approach slab through
injection of flowable grout (not to raise the slab). The presence of voids beneath the approach
slab leads to instability, cracking, sinking and ponding problems. The grout mix has 94
pounds of cement, 70 pound of fly ash, 15 gallons of water, and it is optional to include 10
pounds of lime. In this procedure, 1 7/8" holes are drilled through the concrete or asphalt
approaches using a rectangular spacing. The depth is determined by the ease of driving the
stinger or outlet tube, which is pounded into the hole. A fence post pounder is used to
hammer the stinger and extension pieces into the soil. As the stinger is pounded down, one
can tell if the soil is loose or soft and if there are voids. In Region 6, this technique has

helped to arrest the settling in some problematic bridge approaches.

O Slab jacking or mudjacking technigue. This has an additional objective to raise or lift the

slab and in this case the grout mix is thicker than in the previous case. Precautionary
measures should be taken if this technique was applied near to side retaining walls and

abutment walls.

O The Uretek Method (see http://www.stableconcrete.com/uretek.html for more details). It

involves the precise liquid injection of high-density polyurethane plastic through small (5/8")
holes drilled in the sagging concrete slab. Once in place, the material expands to lift and
stabilize the slab, while filling voids in the underlying soil and under sealing the existing
concrete. According to the owner of this patent technology, this technology is simple, rapid,

and leads to permanent solutions (resists erosion and compression over time).

U Compaction or High Pressure Grouting. For stabilization of both shallow- and deep-seated

soft layers, the high pressure grouting (or compaction grouting) can be employed to densify
the embankment soil and to lift and level the approach slab and adjacent roadways (FHWA,
1998). Section 211 of CDOT Standard Specifications describes the materials and

construction requirements for this procedure. Compaction grouting features the use of low
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slump, low mobility grout of high internal friction. In weak or loose soils, the grout typically
forms a coherent “bulb” at the tip of the injection pipe thus compacting and/or densifying the
surrounding soil. This technique is effective in all relatively free draining soils including
gravel, sands, and coarse silts. FHWA (1988) reported the use of this technique in Glenwood
Canyon to decrease the settlement potential of retaining walls and strengthen the soil against
the effect of water wetting, believed the cause for the settlements problem there.

Any reported comments on the performance of the following techniques are presented in Chapter
4,

2.11 Additional Recommendations from CDOT Staff to Improve Current Practice for
Construction of Bridge Approaches

This section summarizes reported recommendations for improvement of CDOT current practice
for bridge approaches that were not presented in the previous sections. These were obtained from

comments provided by various CDOT staff.

Mr. Dennis Rhodes from CDOT Region 6 wrote: “The best approaches are those constructed
long ago 1950-1970 because construction timing was longer, allowing for more settlement and
densification of the foundation and fill soil, and better deck surface drainage systems were
installed to keep the water off the approach slab.” He recommended tighter backfill compaction
specifications close to the walls, and better surface and internal drainage measures. Dennis als

recommended a warranty by the contractor for bridge approaches in the first year of service.

Mr. Rene Valdez from Region 6 recommended requiring smoothness requirements around the

bridge expansion joints. No such requirements are available within 25 ft of each joint.

Mr.Tom Wrona, Region 2 South Program Engineer provided valuable comments for

improvements of CDOT current practice. He wrote:
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“The South Program Area of Region 2 has experienced their share of bridge approach
settlement problems. MSE and flowfill backfill have not been a cure-all. It is frustrating to
Region Engineering and Maintenance to have to deal with these settlement problems
immediately after accepting a new project and sometimes during construction before the
project is accepted.

Mudjacking and urethane foam won't work to correct the problem in many situations such
as MSE Wall unconfined bridge approaches. We should probably consider using CIP
reinforced concrete wingwalls in the approach areas to provide the confinement that you
could pressure grout against to raise the slab. It is very costly and inconvenient to the
traveling public to completely remove the approach slab, reconstruct the embankment at
the approach, then replace the slab. Maybe we should just eliminate the approach slabs
altogether then the repairs to the approaches could be made more cost effectively when the

settlement occurs.

| agree with your idea that we should include bridge drains at all four corners of all bridges,
assuming a crown section, unless it is a sag bridge. It seems that the calculated bridge
camber never works out right and we always hold water at the abutments and many times
the pier locations as well. The drains located on the bridge near the abutment would
improve the standing water problem at the bridge ends that contribute to the approach
settlement problem once started. Perhaps another foundation type for the sleeper slab
should be used since it appears that the settlement occurs at this location or would this just

move the problem further from the bridge?”

Mr. Dean Sandoval from Region 2 indicated that a bump could be created at end of construction
if the expansion joint is placed per the plan grades not based on grades of the constructed bridge

and approaching roadways. Dean Sandoval wrote:

“I believe that the special provisions or plans should state that the contractor "shall install the
devices at an elevation to be determined in the field" or "by the Engineer". My reasoning is
due to my field experience and encountering several instances where the contractor built the
bridge, then paved (asphalt or concrete) to within approx. 50" +/- of the bridge and then

2-21



installed the expansion device according to the plan specified elevation. The problem is that
the bridge never seems to be exactly the grade specified and neither does the approach
asphalt/concrete. | feel that prior to installing the expansion device, the contractor should be
required to report as built grades to the Engineer and an elevation of the device determined
from that data. In addition, | feel that the device should be installed at an elevation higher
than a "straight" grade elevation between the two points mentioned to allow for some
settlement......say at least once inch as they always settle.......always! Vertical curves and
roadway geometry create other obstacles, but in general that specification would be
beneficial. Obviously the amount we raise the device would be evaluated so as not to create a
severe bump. Another issue that makes this topic a little more complicated is when you
throw in MSE walls and their potential settlement. | believe the Panel Facing is a better
construction practice, easier to build and achieve compaction, and is more stable than the

Block Facing in deep fill areas.”
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3. BRIDGE APPROACH SETTLEMENT PROBLEM: CAUSES AND
FORENSIC INVESTIGATION

3.1 Overview

The main cause of uneven settlements in typical bridge foundation systems is the use of different
foundation types. That is, while the approaching roadway structure is typically founded on
compacted backfill soil, the bridge abutment is typically founded on stronger materials by deep
foundations that often experience minimal settlements. Hence, the approach settlement problem
at the sleeper slab (approach slab expansion joint) is the main cause of the bridge bump problem.
The settlement of the sleeper slab results from the settlements of: abutment backfill (usually four
feet), embankment soil and foundation soil. This chapter provides detailed descriptions of
various causes of the bridge approach settlement problem at the sleeper slab and the information
needed in the forensic investigation to identify the causes and sources of this problem.
Discussion is presented to aid in determining if the settlement problem has more or less ended or

if significant settlement potential remains.

3.2  Causes of Soil Settlement at the Sleeper Slab

Causes of the bridge approach settlement problem are:

I. Compression (settlement and lateral movements) of the fill material. Significant compression

of the placed fill material occurs due to the presence of

a. Compressible fill material (e.g., very loose to medium dense granular soil layer, very soft
to medium stiff clay layer). Soft fill can result from placement of a loose fill material not
meeting the construction requirements for compaction (construction problem, see
construction timing discussed next) and/or from excess water infiltrating into the fill that

may cause softening, collapsing, and erosion of the soil (discussed later).
b. The loads applied on top of the fill (e.g., traffic load and dead load of the pavement).

c. Continuous expansion or elongation and contraction of the bridge decks and girders due

to daily and seasonal changes in air and superstructure temperatures. This is a more
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critical factor with the use of integral abutment bridges, where abutment walls are rigidly
attached to the superstructure without joints. This issue will be covered in great details in

Chapter 6 for the Founders/Meadows structure.

d. Design problems of the wall leading to lateral facing movement of the side walls (sliding,
overturning, bearing capacity, or slope stability problems). Lateral movements of the
reinforced soil mass in MSE walls are needed to mobilize the tensile resistance of the
tensile reinforcements. Additional facing movements in MSE walls may occur due to

internal design problems of the facing and reinforcement.

Settlement of the foundation soil layer due to the presence of compressible soil layers (e.g.,
very soft to medium stiff clay layer), and the load applied on the foundation soil layer. The
load includes the additional fill placed above the original ground level and the load applied
on the fill (e.g., pavement dead load and live load from traffic). The presence of a
compressible foundation soil layer may not be detected in the subsurface geotechnical
investigation (location and timing of subsurface investigation are important as discussed in
this chapter and in Chapter 5), or if detected, not properly accounted for in the settlement
predictions. Introducing excess water to the foundation soil layer can also soften the

foundation soil layers as will be discussed later.

Creep with time under constant load. Under constant applied loads, some materials continue
to creep, the process is also called secondary consolidation. Organic and clay soils are more
vulnerable to creep than granular soils. Loose granular materials with uniform shape particles

have a tendency to creep.

IV. A granular fill supporting the sleeper slab may also be susceptible to vibration-induced

settlements that are time dependent, especially if the granular fill is loose and uniformly-
graded. Vibration and pounding due to the truck traffic over a bridge approach having a
bump could densify the granular fill placed immediately beneath the sleeper slab. Repairing
the damage and restoring the roadway surface to its original grade would help to alleviate

dynamic loading of the approach embankment/fill.

Construction problems in the elevation grades of the bridge deck and approaching roadways.

A bridge bump would be generated at the end of construction if the elevations of the as



VI.

constructed bridge and approach roadway deviate from the plan elevations. This major cause

was addressed in the previous chapter (Section 2.11).

Problems with bridge expansion joints and surface and internal drainage systems. Joints
allow for infiltration of water to fill soil under the sleeper slab. Also, closed joints are often
encountered in our bridges that cause the crushing and cracking of neighboring concrete,
which allows for leakage of water. Cracks are often noticed close to the expansion joint.
There is some evidence that the concrete roadway creeps and grows with time and may close
the typical 0-4” Bridge Expansion Joint often employed above the sleeper slab (see Chapter 2
and Figure A.6, see also the last section of Chapter 6). This may explain why some joints are
closed even during the winter season. CDOT Region 6 maintenance spent annually around
$500, 000 to replace the old type of bridge expansion devices that has service duration of less

than 15 yrs.

Surface water leaking through joints and cracks softens the soil under the pavement. Once
present in the soil, it may find a way to exit and usually takes fill material (especially fines)
to the sides, leading to loss of fill and erosion problems. This also creates voids under the
approach and roadway slab. On some bridge approaches there are no drains present. The
water will drain off the approach on the shoulder of the road and may start to erode the soil.
This in turn undermines the approaching roadway. Some drains become plugged because the
openings are too small. In many cases, we do not see water coming from the drainage pipes,

which is indicative of some problems with these pipes.

Dennis Rhodes from R6 Maintenance Office summarizes his opinion of possible causes for the

continued bridge bump problem in bridge approaches constructed before and after 1993. He

wrote “I believe that most of the problem is associated with compaction well below the concrete

slabs, but sometime it is erosion caused by cracks and water leaking through, plus poor drainage”

and “The higher the fill the more the settlement problems.”



3.2.1 Influence of Moisture and Temperatures Changes

During the wet season in Colorado, additional water is introduced to the soil mass (fill and
foundation). Surface water can penetrate through poor joints and cracks to the lower soil layers
and groundwater can rise in the upper soil layers. Several surface and subsurface drainage
control measures are often implemented in the construction project to collect and drain this
water. The failure of these measures will result in an increase of the soil moisture content and
possibly rise of the GWT. In retaining walls, this increases the lateral earth loads and decreases
the soil strength (due to decrease of the soil effective stresses). This will reduce the overall factor
of safety against stability and increase movement of the wall. This is a very important factor in
MSE walls because the excess water will also reduce the friction resistance between the soil and
reinforcements, which is the primary source for stability of MSE walls. Large fluctuations in
groundwater levels could induce settlements in foundation soils as often reported in the

literature.

Increase of excess water in soils will lead to settlement of soils either by

® FErosion or loss of fines from the fill and embankments material via surface water

intrusion.

® Softening (decrease of stiffness) or collapse of the soil. This will be discussed next.

Unsaturated silty and clayey soils derive part of their strength from the presence of soil suction
(increased level of effective stresses) that leads to apparent soil cohesion and stiffness. This
apparent cohesion is highest under the dry state. Dried silty and clayey foundation and fill soil
materials will look stiff and this will even be reflected in the test results like the standard
penetration test for foundation soils and the nuclear density test for fill soils. As soil moisture
increases, the apparent cohesion and stiffness of the soil will decrease (soil effective stress
decrease) and the apparent cohesion dissipates completely when full saturated conditions are
reached. This will soften the soil material. This is also valid to a lesser extent for granular soils.
Compaction of clayey or silty soil fill materials produces high negative pore water pressures
(suction) that later may dissipate. In a research study concluded recently by CDOT (Nusairat et.

al., 2004), it was found that saturation of cohesive compacted soil samples resulted in reduction
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of shear strength of the soil by almost 50%, when compared to the shear strength obtained from
the partially saturated soil samples. The increase in water content will soften the soil and in most
cases will exaggerate the soil settlement problem. In highly plastic natural and compacted clayey
soils (CH) located at shallower depth, the soil may expand when wet and subsequent drying of

such soils could lead to shrinkage and settlement problems.

Seasonal and temperature changes have a great influence on the induced movements of earth
structures. Abu-Hejleh et. al. (2001) found that the front Founders/Meadows MSE wall
constructed during the fall/winter season experienced a rigid response during the cold/dry
season, and flexible response with relatively large deformations during the warm, wetting, and
thawing seasons (April to June in Colorado). For an embankment constructed during the winter
season along SH 36, CDOT Maintenance observed sudden and rapid settlement of the newly
constructed embankment once the ground thawed in late spring. This was attributed by Allen
(2004) to localized consolidation of the embankment materials. According to Allen (2004), an
apparent cohesion developed in a soil mass with frozen ice under very cold temperatures that
temporarily increases the strength and stiffness of the soil mass. Mr. Mike McMullen wrote
“.....as a point of interest we did a repair last year of a moderately severe settlement problem on
US 6 that geology attributed to placement of frozen fill.” The presence of ice lenses in the soil
mass also leads to false and low soil density readings taken with the nuclear density gages. This
apparent cohesion goes away when temperatures rise and ice melts. Also, Abu-Hejleh et al.
(2001) attributed the excessive deformation of an MSE earth pier to construction of the pier
during the cold season with a lower fill compaction level that led to significant softening of the
fill during the subsequent spring season when the temperatures rose and the soil was exposed to

excess water from heavy rain and ice melting.

Collapsible soils consist predominately of fine sand and silt size particles arranged in a loose
structure (honeycomb with voids) and held together by cementing agents such as clay to calcium
carbonate (Coduto, 2001). As long as the soil remains dry, these cements produce a strong soil
that can support large loads. However, if the soil becomes wet, these cementing agents weaken
and the honeycomb structures collapse (referred to in the literature as hydroconsolidation or
hydrocompression). These are mostly naturally occurring soils: alluvial, colluvial, and aeolian



soils. To mitigate the collapsible problem in natural soils, it is recommended to wet or compact
the collapsible soil. Coduto (2001) also reported that very loose fill soils will collapse upon
wetting even at low normal stresses, but denser soils will be collapsible only at higher stresses.
Coduto (2001) also reported the collapse of deep compacted fills even when they have been
compacted to traditional standards. Coduto indicated that this phenomenon is likely to occur in
soils that are naturally dry and compacted at moisture contents equal to or less than the optimum
moisture content. This problem can be reduced by compacting the fill to a higher dry unit weight

at moisture content greater than the optimum moisture content.

In summary, both granular- and fine-grained soils can (fill and foundation soils) experience
settlements under an increase of their water contents and temperatures. Such settlements will
cease or be reduced significantly after the soil moisture and temperature are increased to
relatively high values. Therefore, for fill soils with potential for softening/collapsible and even
swelling/shrinkage as a result of changes in moisture changes, it is often recommended in the
literature to compact the soil wet of the optimum or even to soak the soil with water. For
foundation soils), the influence of fluctuations in groundwater levels should be accounted for in
the foundation settlement analysis. The conventional consolidation test can be used to assess the
soil potential for softening/collapsible/swelling under changes of moisture content as will be
demonstrated later.

3.3.  The Forensic Investigation: Needed Information

The purpose of the forensic investigations performed in this study is to identify the causes and
sources of the significant approach settlement problem and determine if this settlement has more
or less ended or has significant settlement potential in the future. The results of this investigation
can then be employed to develop an effective plan for repair and mitigation of the settlement
problem.

This section presents the three categories of information collected in the forensic investigation

performed in this study (results are in Chapter 5). Results of the forensic investigations for bridge



structures that experienced significant approach settlement problems are presented in Chapters 4
and 5.

3.3.1 Design, Materials, and Construction Records of the Bridge Approach Structure

Most, if not all, of the following information can be obtained from the construction plans and

foundation report for the bridge structure under investigation.
1. Age of the bridge.

2. Location of the bridge (this covers the environmental factors like temperature cycles and

intensity of rainstorms, and field factors).
3. Traffic load, truck load, and speed limit.

4. Is the bridge a new or a replacement of an older bridge? If the bridge replaced an older
bridge, was the bridge widened? What is the height and location of any added fill above
the level of original ground? If the fill height could not be obtained, the study attempted

to get information on the bridge height above the level below (roadway or creek).
5. Location of the flowline.

6. Types of abutment backfill material. Construction requirements and construction timing
for placement of the fill materials. Timing of the subsurface geotechnical investigation

and information on the foundation soils.

7. Length of approach slab. Is the approach slab on a horizontal or vertical curve? Is it on a
steep gradient? Type of foundation system supporting the abutment (pile or shaft).Type
of the abutment (integral or not), girders, approach joints, and external and internal

drainage system.

The construction plans and the geotechnical reports for the bridge should be reviewed to: 1)
locate some, if not all, of the information listed above and 2) plan efficiently the geotechnical
subsurface investigation. For example, information on the location and thickness of added new
fill soil and on the location and conditions of the foundation soil layers can be easily collected
from these two resources. Any relevant information listed in the geotechnical report should be



presented. The study also attempted to collect information on the construction timing of the fill
material and timing of the field geotechnical investigation. These two are important factors as

will be discussed later.

3.3.2 Level, Location, and Time progress of the Approach Settlement Problem

m Location, magnitude, and time progression of the settlement (or bump) problem. A digital
road profiler was used in this study to draw current elevation profiles of the transition section
from bridge deck to approaching roadway. When these profiles are compared with the design
or as-constructed elevation profiles, the level and location of the approach settlement

problem were identified.
o0 Isthe problem limited to one or two sides (east or west, north or south) of the bridge?
0 Is the problem more along the flow line of the bridge?

o Isthere any correlation between the location of the approach settlement problem and
height of the added fill and height of the bridge?

o Is the problem uniform or does it change across the approach slab: is it more severe at

one side or at center of the bridge than at other locations?

0 The time progression of the settlement problem since it was first noted. For example,
was the settlement problem noticed within a year after construction and then stopped,

or have the settlements continued to occur with time.

= Condition of the sidewalls resting above and below the approach slab and approach roadway
(settlement, lateral deformations, and damage to the sidewalls). Any available information on

the location of the problem and changes of its level with time is obtained.
m Condition of the approach slab (cracking, breaking) and joints located on the approach slab.

m Condition of the bridge external and internal drainage system, drainage inlets, and any signs

of erosion around the approach slab, bridge abutment, and embankment slopes.

m Digital picture showing the settlement problem.



It is important to find out if the settlement is a continuous (time-dependent) settlement that will
grow in the future, or to a lesser extent, is developed within a year after construction and then
ceased. If the problem developed within one year of construction and arrested after that, it should
not be of concern, and can be attributed to:

» Short-term settlement of sleeper slab due to traffic load, due to seasonal changes, and due to
presence of some silty materials in the foundation soils, or limited fluctuation in the
groundwater table.

» Construction problems like lack of adequate compaction, or construction timing, like
placement of backfill during the winter season, or other construction issues. For example,
when one side of the bridge settles and the other does not, and if both sides have similar field

and loading conditions, then the problem can be attributed to construction problems.

3.3.3 Subsurface Geotechnical Investigation

The purpose of the subsurface geotechnical investigation performed in this study (see chapter 5)
was to determine the location, classification, strength, compressibility, and moisture content of

fill (abutment and embankment soils) and foundation soil layers.

Overview. Based on the results of the previous task, the bridge side with the most severe
settlement problem should be identified and selected to conduct the geotechnical investigation.
Two test holes were drilled around the sleeper slab that experienced settlement: one in the
approach slab toward the bridge, and the other on the roadway side. Test holes were advanced
using a 7-1/2-inch diameter hollow stem auger (HSA) or 4-inch diameter continuous flight
power auger. The most common field sampling and testing procedures used in Colorado are the
standard penetration test (SPT) method in accordance with ASTM D1586 and the California
Sampler (see Abu-Hejleh et. al., 2003 for complete details of these techniques). With these two
techniques, driving resistances (N-value or # of blows to drive 12”) of the soil at different depths
of the same hole were obtained and samples were recovered for visual inspection and lab testing.
Laboratory testing results included gradation (e.g., % of gravel, % of sand, and % of fines: silt
and clay) and Atterberg Limits (LL for liquid limit and PI for plasticity index). These results
were used to classify the geomaterial by both AASHTO classification (e.g., A-7, A-6) and the



Unified Classification System (e.g., CH and CL). From the soil samples recovered with the
California sampler, measured data on the insitu soil dry density (ys) and moisture content (w)
were measured. The presented logs summarize the locations and types of recovered soil samples,
locations and results of the driving resistance values (e.g. N-values from SPT), and locations of
the GWT. Measured driving resistance values (N-values) and measured density values are
employed to describe the relative density of granular soils and consistency of cohesive soils as

per CDOT guidelines described in a previous chapter.

Problematic soil layers in the fill and foundation soil layers. They are identified as those with

N-values less than 10 bpf for granular soils (described as loose to very loose) and those with N-
values less than 8 bpf for cohesive soils (described as very soft, to soft to medium stiff). One
interesting way to find out if a compressible soil layer exists immediately below the sleeper slab
is to visually note any detectible movements of the sleeper slab when a truck leaves the bridge or

the roadway and drops onto the approach slab.

In the problematic fill layers, the required and placed compaction levels were determined. Auger
cuttings for materials recovered from these layers were used to develop moisture-density curves
from Proctor testing in accordance with AASHTO T-99 (standard Proctor test) or AASHTO T-
180 (Modified proctor test). For the granular soils, information on the uniformity of the gradation
(e.g., well-graded or poorly graded) and if the soil particles are uniform or crushed were
determined. Note that it is reported that loose granular materials with uniform shape particles
have a tendency to creep. Natural dry unit weights and moisture contents measured from the
California and Shelby tube soil samples were compared with the required density values and the
optimum moisture content measured from the moisture-density curves. Note that the measured
soil dry density levels reflect the conditions after some level of densification occurred over time

and not necessarily the placed density levels immediately after construction completion.

Consolidation characteristics of the problematic soil layers were also investigated. In most cases,
Shelby tubes were pushed into the soft soil layers to retrieve undisturbed soil samples.
Laboratory consolidation tests (AASHTO T 216) were performed on the recovered soil samples.

The compressibility of soils can be estimated through the ratio of C/(1+e,), where C. is the
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consolidation compression index, measured as the slope of the virgin consolidation curve (void
ratio vs. log vertical effective stress) and e, is the initial void ratio. The coefficients of
consolidation, C,, and coefficients of secondary compression or creep, C,, were also measured at
different ranges of effective stresses. In most cases, water is added at the beginning of the
consolidation test to saturate the samples and allow for testing under the worst possible field
scenarios- water softens the soil and increases its compressibility and/or causes it to collapse.
Then, the predicted consolidation settlement will reflect the total settlement resulting from the
increased applied vertical load and from increases of soil moisture content to 100% saturation
level and from an increase of temperatures, if the soil in the field was placed under very cold
conditions. However, the time rate of settlement in the field may not be as predicted using the
coefficient of consolidation, C,, measured in the consolidation test but could be delayed until the
soil is subjected to 100% saturation conditions and normal warm temperatures. Initial saturation
of the sample also allows for measuring the swelling potential under the lowest top surcharge
effective stress.

Judgment and evaluation of the measured field soil moisture contents, saturation levels, optimum
water contents, and relative compaction levels were employed to determine if there is any
potential for future softening or collapse of the problematic soil layers. If the bridge structure
with settlement problems has been in service for several years, then most likely the underlying
soil (fill and foundation) layers were subjected to their highest possible water content (and
temperatures) and chances for further softening or collapse are minimal. When future soil
collapse or softening potential are suspected, the soil specimen was tested in the consolidation
test under its current in-situ moisture to a vertical effective stress equal to or slightly higher than
that which occurred in the field (Coduto , 2001). Then, the sample was inundated to measure the
resulting hydrocompresssion strain for this overburden stress (Coduto, 2001). Once the
hydroconsolidation ceased, additional stress increments were applied as in the conventional
consolidation test procedure.
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4, PERFORMANCE AND COST-EFFECTIVENESS ANALYSIS OF
CDOT’S FLOWFILL AND MSE BRIDGE APPROACHES

4.1 Overview

This chapter presents results for the evaluation and comparison of the performance and cost-
effectiveness of bridge approaches constructed by CDOT with abutment flowfill backfill and
abutment MSE backfill (Class-1 and Class B Filter materials). In these bridge structures, the
abutment walls were supported by deep foundations (not like the Founders/Meadows structure
discussed in Chapter 6). This chapter also presents common features of the excellent and
problematic approaches and possible causes and sources of the settlement problem in the
problematic approaches (per the guidelines established in Chapter 3). The performance and cost
information furnished in this chapter were obtained from: inspection records collected by the
CDOT Bridge Management Section, input from CDOT’s Regional Maintenance Offices, and
field visits. Detailed investigations of the causes and sources of significant approach settlement
problems encountered in five bridge structures constructed with abutment flowfill and MSE

backfill material are presented in the next chapter.

The best way to compare the performance of MSE and flowfill backfill materials is to construct
them side by side at the same bridge. In this manner, causes of the settlement problem discussed
in the previous chapter, except the abutment backfill, will be similar. Only two CDOT bridge
structures with side-by-side flowfill and MSE approaches could be found in this investigation
and their performance is discussed in Section 4.2. All other CDOT bridges were constructed with
either flowfill or MSE backfill materials under different field and loading conditions. The study
evaluated the performance and cost of: 1) a large number of approaches constructed with flowfill
backfill, and 2) a large number of approaches constructed with MSE backfill. It is assumed that
the use of sufficiently large number of MSE and flowfill approaches will balance all other factors
that influence the performance, except those related to the abutment backfill, thus allowing for
comparison of the performance and cost of MSE backfill vs. flowfill backfill. The study

procedure for evaluation and comparison of the performance and cost of bridge approaches
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constructed with flowfill and MSE backfill materials is described in Section 4.3, and the

investigation results are presented in the remaining sections.

4.2  Performance of Side by Side Bridge Flowfill and MSE Bridge Approaches

In the Big Thompson Canyon in Region 4, construction of two new bridges, C-15-O (MP 68.75)
and C-15-U (MP 70.58), was completed in May of 2002 (see Figure C.16). These bridges are
located along SH 34 that runs east-west between Loveland and Estes Park. These two structures
were built in two phases. In Phase 1, the northern sides of the two bridges were constructed using
MSE abutment backfill. In Phase 2, the southern sides of the two bridges were constructed using
flowfill abutment backfill. So, each abutment of the two bridges has both types of backfill side
by side. Mr. Pete Graham was the CDOT Project Engineer for the construction project.

The two bridges were inspected on May 24, 2004; almost two years after the bridges had been in
service. Pictures of the approaches were taken (Figure C.16). The development of differential
settlement along the east side of C-15-U bridge was evaluated using a digital road profiler.
Digital profiling data were collected (Figure 4.1) along two lines located along the north side of
the bridge (where flowfill abutment backfill was used) and the south side of the bridge (where
MSE abutment backfill was used). Note that the profiled lines are located on a horizontal curve
(i.e., the bridge abutment is not perpendicular to the bridge centerline), so the two profiles should

not be expected to match.

The visual observations and the results shown in Figure 4.1 suggest that the transition between
the bridge and approaching roadway after almost two years in service is smooth and shows no
signs of developing a bridge bump problem. Thus, we can conclude that the two systems of

abutment backfill are performing well so far with comparable performance.
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Figure 4.1. Measured Elevation Profiles for Structure C-15-U Where Side by Side Flowfill
and MSE Approaches Were Constructed.

4.3. Procedure for Evaluation of Performance and Cost-Effectiveness of Flowfill and
MSE Bridge Approaches

A list of all CDOT new bridge approaches constructed with concrete approach slabs since 1990
were obtained from the Bridge Management Section. From the information published by CDOT
Engineering Estimates & Market Analysis Unit, projects that included the use of flowfill and
MSE abutment backfill materials were identified. By merging the information collected from
both sources, CDOT bridge approaches constructed with a concrete approach slab and either
flowfill abutment backfill (Table B.1) or MSE backfill (Table B.2) were identified. A total of
110 bridges were constructed with flowfill abutment backfill from 1993 to 2001 (none could be
found in 2002 and 2003). A total of 23 bridges were constructed with MSE abutment backfill
(Class 1 and Class B) from 1999 to 2003 (none could be found before 1999). The bridges in
Tables B.1 and B.2 are sorted based on the time of completion of bridge construction. Other
Information obtained from the Bridge Section included the bridge log number, location of the
bridge, name of the designer and contractor, name and number of the construction project,
number of spans and type of girders, and number of bridges in every project. Information

obtained from the Engineering Estimates & Market Analysis Unit included the bid date, quantity,
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cost, and total costs of flowfill or MSE backfill used in the project. Some (not all) of this
information is listed in Tables B.1 and B.2. Colorado is divided into six regions and most of the
bridges in Tables B.1 and B.2 are located in Regions 1, 2, 4, and 6, so the study focused on
bridges constructed in these regions. The 10 bridges with the worst approaches are listed in Table
B.3. It is clear from this table that most of the worst bridge approaches are located in Region 6
that includes Metropolitan Denver. This is expected since Region 6 carries most of the state

traffic load.

For MSE and flowfill bridge approaches, the study collected information on their performance
and cost (construction and expended repair costs). For existing bridge approaches with less than
satisfactory performance, the study attempted to collect information on the possible causes of the
settlement problem and any required repair costs to bring their performance to an acceptable

level.

4.3.1 Performance from Records of CDOT’s Bridge Management Section

CDOT’s Bridge inspectors perform inspection of all components of the bridges including
approaches and rate them following Pontis Bridge Inspection Coding Guide that can be accessed

online at http://www.dot.state.co.us/Bridge/Pontis/pontiscovers.pdf. CDOT’s Bridge inspectors

inspect the bridge approaches every two years. Element 321 is for inspection of concrete
approach slab that may or may not have an asphalt overlay, placed either during construction of
the bridge or applied later for repair purposes (to smoothen the approach when there is a
settlement problem). The Bridge Inspectors assess the overall condition of the bridge concrete
slabs. This provides insight into the approach settlement problem. Four condition states are used

by CDOT’s Bridge Inspectors to describe the condition of the concrete slabs:

0 Condition State 1. The slab has not settled and shows no sign of deterioration other than

superficial surface cracks or minor break-up. This condition state is categorized as the best.

U Condition State 2. Minor cracking, spalls may be present but they do not affect the ability of

the slab to carry traffic. Settlement may be occurring which increases the traffic impact on

the bridge.



U Condition State 3. Cracks may extend completely through the slab cross-section, but the slab
does not act if it is broken. Spalls may be heavy but they do not affect the structural integrity
of the slab. Settlement may be occurring which increases the traffic impact on the bridge.

U Condition State 4. The slab is broken or rocks under traffic loads. Settlement is excessive and

cannot be corrected without increasing the size or replacing the slab.

4.3.2 Performance Based on Bridge Approach Settlement

Ratings for different bridge approaches were developed in this study to reflect the range of
settlement experienced by the bridge approaches at the expansion joint (or sleeper slab if no
joint was employed). Three states are used in this study to rank the bridge approaches in

accordance with the following rating system:

1.  No to very slight bump problem (smooth approach, the best rating). The sleeper slab (or
approach slab expansion joint) has experienced a minimal settlement less than a tolerable
settlement of 1 inch. Note that NCHRP Synthesis Report (1997) indicates that a change in
the slope of the approach slab of 1/200 is tolerable and for an approach longer than 15 ft,
this corresponds to a settlement at the expansion joint (or sleeper slab) larger than 0.9”.

This rating is categorized as the best.

2. Slight to moderate bump problem. The sleeper slab has settled more than 1 inch and less
than 2 inches. This condition is categorized as a slight problem for relatively long approach
slabs (>25 ft) and/or when the speed limit is low (<40 mph) to a moderate problem for
relatively short approach slabs (<20 ft) and/or when the speed limit is high (>50 mph). If
one side of the bridge is rated 1 and the other side is rated 2, the overall rating of the

bridges approaches is taken as 1.5.

3. Significant to large bump problem. The sleeper slab has settled more than 2 inches. This
rating is categorized as a safety hazard if the settlement is larger than 3 inches.
For structures ranked 2 and 3, the study attempted to obtain information on the location and

extent of the approach settlement at each end of the structure and if the settlement is a continuous
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(time-dependent) settlement that will grow in the future or developed within a year after

construction completion and then ceased.

4.3.3 Information on Applied and Required Repair Measures

When a low approach or a bridge bump is first noticed by maintenance forces, a leveling asphalt
layer, either hot or cold depending on outdoor temperature, is often applied on the approach slab
and adjacent roadway and bridge deck to smoothen the transition area. If this was not effective,
and depending on the condition and rating of the approach slab and the assessment of CDOT
Maintenance, Bridge, and Geotechnical Offices, one of the following two methods are often

undertaken:

1. Removal and replacement of approach slab and in some cases the backfill material
supporting the slab (Most expensive).

2. Stabilizing the soil and raising the sleeper slab using either mud jacking method (just
stabilizing the soil), high-pressure compaction grouting, or the Uretek “foam” method.

These methods are described in Chapter 2.

The inspection and rating results presented in this chapter, based on the criteria presented in the
previous two subsections, are for the current conditions of the approach slabs that may or may
not have been repaired. Repair of the bridge approaches will improve the conditions, and thus the
rating of the bridge approaches. If repair measures were applied on any bridge approach, the
study attempted to acquire information on the type, timing, and cost (most important) of these
repair measures. Any available information on the performance of these repair measures is also
documented. For bridge approaches that need repair, rough estimate of the required repair costs

to produce a smooth approach that could be rated 1 are also obtained and documented.

4.3.4 Cost-Effectiveness Analysis of Flowfill and MSE Bridge Approaches

The cost-effectiveness of bridge approaches constructed with flowfill and MSE backfill were

evaluated in accordance with the following procedure:
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II.

I1I.

IV.

VL

VIIL

Determination of the 2005 construction costs of bridge approaches. The 2005 average unit
construction cost of the abutment backfill materials (Class 1, flowfill, or Class B) was
employed to represent the unit cost of the approaches.

The volume of placed abutment flowfill and MSE backfill materials were obtained. It was
not clear if the reported quantities in Appendix B for the backfill materials under item 206
were only placed behind the abutment as abutment backfill or also used for other purposes.
To be more accurate, it was assumed that 200 CY were placed for each approach or 400
CY for a bridge with two approaches. This value is believed to represent a very good
average value.

The average number of years of service for bridge approaches constructed with flowfill and
MSE (Class 1 or Class B) backfill was obtained. Service life for a bridge is often assumed
as 75 years, but for bridge approaches the service life is very much related to the life of the
joint. Dr. Trever Wang of Staff Bridge suggested a service life of 40 years for the bridge
approaches. A ratio between 40 years, assumed to be service design life, and the average
number of service years was then calculated.

Expended 2005 costs to repair the bridge approaches constructed with flowfill and MSE
backfill were obtained.

Any required 2005 expenses to repair the MSE and flowfill bridge approaches and
smoothen them (so they could rated as good) were also estimated.

The total 2005 repair costs from the previous two items were added. This total repair cost
was divided by the amount of placed backfill determined in Step 2 to calculate the 2005
unit repair cost that was added to the unit construction cost to determine the current total
2005 unit cost of the backfill. This total 2005 unit cost represents a lower limit estimate of
the unit cost over the entire design life of the structure if no repair will occur in the
remaining service life of the structure.

Assuming that the same rate (or trend) of repair costs incurred in the past will be incurred
in the remaining service life, the current total 2005 unit repair cost estimated in the
previous step was multiplied by the ratio determined in Step III. This represents the 2005
unit repair cost of the bridge approaches over their entire design life of 40 years. This unit

repair cost was added to unit construction cost determined in Step 1 to obtain the total
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(construction and repair) 2005 unit cost of backfill over their entire design life. This total
unit cost could represent an upper limit of the total unit cost of backfill over their
entire design life if the rate of future repair costs will not exceed the current rate of

expended and required repair costs.

The two unit costs evaluated in the last two steps allow comparing the cost of bridge approaches
constructed with flowfill and MSE backfill materials having equal performance. With more
structures constructed with MSE backfill and with longer service life, a more sound and
scientific comparison of the two systems could be made and the range between the two total unit

costs in subsequent years (e.g., 2010) is expected to narrow down.

4.4  Region 6 Bridge Approaches

In Region 6, a total of 37 bridges were constructed with flowfill backfill materials (76
approaches), 2 with MSE Class 1 backfill, and 5 with MSE Class B backfill. A list of these
bridges and detailed performance inspection results for each structure are given in Table B.4.
The 10 bridge structures that have best approaches and the 10 bridge structures that have worst
approaches are, respectively, listed in Tables 4.1 and 4.2. For the 10 bridge structures with worst
approaches, Table 4.2 summarizes location of the bridge, type and cost of any placed repair
measure, and cost of any required repair work to bring the performance of the approach to an
acceptable level. It was noticed that most of the problematic bridge approaches are located in the
north centeral and north east zones of Region 6 (Along I-76 around and north of the 1-70/I-
25/SH36 Interections) where the traffic load is very high. In addition, a landfill was present
there with very soft foundation soils that may have been used in the construction of the fill for
bridges and roadways. Also, most of the problems occurred to the older bridge approaches

constructed in 1994 when CDOT started using the flowfill.
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Table 4.1. The Ten Bridges with Best Flowfilll Approaches in Region 6.

Mile
Rating Bridge | Hiway Pt. Built | Hiway carried Location
1 E-16-PM 70 269.45 | 1995 | 170 ML WBND ARVADA
1 F-16-RY 285 257.19 | 1995 US 285 ML 0.65 MI E OF SH 95
125 NBND TO
E-17-VT 224 0.49 1998 SH224 125 NBND & SH 224
1 F-17-MG 25 202.64 | 1998 125 ML IN DENVER
0.6 MI S. OF JCT. SH
1 E-16-NF 93 6.95 1999 SH 93 ML 72
1 E-16-PY 6 271.68 | 1999 US 6 ML IN GOLDEN
1 E-17-MX 2 18.70 | 1999 SH 2 ML 0.3MIS.OF JCT176
1 E-17-UH 2 18.83 | 1999 SH 2 ML 2MIS OFJCT 176
RAMP TO 170
1 E-17-UQ 70 274.71 | 2001 EBND DENVER
1 E-17-WP 266 3.308 | 2000 SH 265 ML COMMERCE CITY
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Table 4.2. The Ten Bridge Structures with the Worst Flowfill Approaches in Region 6.

Bridge Mile - Location o | Date, Type and Approximate
= Pt. = = | Cost of any Required repair
T 0 & | Repair costs
E-17-PQ 76 19.2 | 1994 | Buckley 211998, $20000
over I-76 Replace approach
slab and use of
drilled shafts,
$172,000
E-17-PR 76 19.7 | 1994 | 136" over I- | 3 | Mudjacking, $172,000
76. $10,000 (remove and
replace
E-17-SW 225 12 | 1994 | Denver 3 | $24,000 for $50,000 for
Uretek repair of Uretek repair of
departure arrival
approaches. approaches.
E-17-PS 76 20.9 | 1994 | 3.5 mile of 1 | Mudjacking, Roughly $40,000
JCT 51 $10,000 for Uretek repair
E-17-PT 76 20.9 | 1994 | 3.5 mile of 1 Roughly $40,000
JCT 51
E-17-VR 44 1.08 | 1996 | 104" over I- | 2 | $1000 for adding | Uretek to stabilize
76 asphalt in 2005. the fill only,
$30,000.
E-17-QA 270 0.01 | 1994 | INT.36 & 2 $30,000 for the
25 east side only.
E-17-Q0O 270 0.04 | 1998 | 0.3 mile 2 $60000 for
east of [-25 repairing two
sides of the
bridge.
E-16-RB 36 55.9 | 2001 | Westminster 1
F-16-LZ 70 263 | 1996 | 0.9 mile of 1
Jet US 40

Structure E-17-PQ (Figure C.7) was constructed in 1994 using flowfill abutment backfill. This

structure experienced a significant approach settlement problem especially along Abutment 1

(south side). A construction project was completed in 1998 to fix the settlement problem that

included complete removal of the approach slab and removal of parts of the flowfill at Abutment

1 that were replaced with a new approach slab and Class 1 backfill. Also, the slope paving was

repaired and 4 new bridge drains were installed. As illustrated in Figure 4.2, a drainage layer

with drain pipe was placed beneath the sleeper slab. As also shown in this figure, nine drilled
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shafts (600 mm in diameter) spaced 3.145 m and embedded into the embankment to a depth of
7.5 m were used to provide support to the sleeper slab. Total costs of this repair project were
$171,681.98. Inspection of the bridge in 2004 revealed the existence of a noticeable bridge
bump problem (See Figure C.7). After talking to Mr. Rene Valdez from Region 6, it was
concluded that this problem was left at end of construction and that the repair was effective in
preventing further approach settlement. By looking carefully through the photo presented in
Figure C.7, it is clear that the elevation grades of the approach bridge and approach roadway are
not on a straight line (they do not have the same slope) and that the approach slab was placed to
connect these two sections. The approach roadway should have been built to match the as
constructed grades of the bridge by using string lines that extend to the bridge. It is also
suspected that Structures E-17-UZ and E-17-UH were built in similar way with a bridge bump
problem left at end of construction. It was also strange that the roadway was high for both

structures E-17-UJ and E-17-WZ, this could also be due to a problem left at end of construction.
In the 58" avenue bridge over I-25 bridge (constructed without the use of MSE or flowfill

approaches), drilled shafts were employed to support the sleeper slab and repair the approaches.
This bridge was inspected on October 23, 2003 and found to function well.

Figure 4.2. Use of Caissons in the Repair of the Bridge Approach Settlement Problem at
Structure E-17-PQ.
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Structures E-17-PR (Figure C.8) and E-17-SW _(Figures C.2 to C.5): for these two bridge

structures with approaches ranked the worst, a detailed investigation to identify the causes of the
problem was performed and the results are summarized in the next chapter. The approaches for
structure E-17-PR were mud jacked for $10,000. A field visit for the E-17-SW structure
indicated that the wall’s drainage pipes are clogged (not functioning) as the investigation
suggests. The Uretek method was employed to fix the departure approaches of E-17-SW late
2004 and will be used to fix the arrival approaches in the Spring of 2005. For these two
structures, the recommendations for repair (see next chapter) included drainage improvements
and the use of compaction grouting or polyurethane deep injection.

E-17-PS (Figure C.9) and E-17-PT: The approaches for structure E-17-PS were mud jacked for

$10,000. It seems the mudjacking stabilized the backfill. However, repair may still be needed to
straighten the approach slab along this busy and high speed section of I-76. The same is true for
the neighboring E-17-PT Bridge.

Structure E-17-VR (Figure C.10): A major settlement problem of the approach roadway (not

sleeper slab) was noticed (around or larger than 2”) on the western side of the structure. The
approach slab is short, around 7’ which worsens the problem. This bridge was rated 2 because of
very low traffic volume and relatively low speed. Major repair work is needed; perhaps as the

Buckley Rd.

Structure E-17-OA (Figure C.11) and E-17-Q0 (Figure C.12): for these two neighboring

structures the east sleeper slab dropped around 2". For Structure E-17-QO, it was noticed though
a later visit (February 2005) that the west sleeper had also settled. For Structure E-17-QO, the
flow line is located along the north side of the structure and this may explain why the problem
was more severe on that side. For structure E-17-QA, it is suspected the bridge bump problem

was created at the end of construction as previously discussed.

4.5 Region 4 Bridge Approaches

In Region 4, a total of 24 bridges were constructed with flowfill backfill materials (50
approaches), 2 with MSE Class 1 backfill (4 approaches), and 5 with MSE abutment Class B
backfill (10 approaches). A list of these bridges and detailed performance results for each
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structure are given in Table B.5. A list of the bridge approaches that were repaired or need repair

with information or repair costs are listed in Table 4.3.

Table 4.3. The Region 4 Problematic Flowfill Bridge Approaches.

Bridge Mile Date, Type and cost of Required Repair

% Pt. any Repair Costs

Built
Rating

C-22-BT 71 181.5 1995

—_
(9]

1” settlement in 1998 to $2000
2” in 2004, (only south
side).

1998, Asphalt,
$2000

C-21-BM 34 159 1995 1 2” settlement,
Corrected with foam in
2002, and it is still in
good condition.
$20,000

C-16-DK 287 323.6 | 1999 3 $22,500 $60,000
(Foam) (compaction
grouting)

B-24-AS, B-24-AT, B-23-A, C-23-A0, and A-27-P: These bridges are located in the northeast

section of Colorado and all are rated as 1 or excellent. Mr. Dough Kettelson from CDOT
maintenance office indicated that all these bridges replaced older bridges, they are low
approaches (I-76 may be the highest), and were constructed by good contractors.

Structure C-22-BT (Figure C.13): Construction for this structure began late winter and

finished in the summer of 1995 with a height of 22 ft and a width of 40 ft. The south approach
settled 17 by 1998 so asphalt was applied to smoothen the approach. There currently no signs of
bulging or soil erosion. North side of bridge in good condition with no problems, so this bridge
was rated 1.5.

Structure C-21-BM (Figure C.13) Construction for this structure began in the Spring and

finished late summer/early fall of 1995. The approaches had settled about 2. No asphalt
overlays were added to fix this problem. The approach slabs on both ends of bridge were
repaired in 2002 using the Uretek Method with laser surveying tools to monitor the generated

movements. Currently, the bridge approaches look good and this is why they are rated 1 (based
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on current conditions). Foam was selected over grouting because upon installation smaller holes
have to be drilled to inject foam, and because it is water proof. Ray Terrones from R4
Maintenance Office added “We had several other jobs that were using foam at other locations
during the same time. We have had good luck with the foam and are very happy with the
results.” This opinion was also shared by Mr. Mike Day from R4 CDOT Maintenance Office
who stated: “placing of foam will not only fill the voids but also under seal the area under the
slab and prevent further deterioration of the concrete approach slabs. Cost of replacing the slabs
is $75 k to $100 K, but the foam will cost around $20 K.” A project engineer in Region 4 wrote:
“I don't trust Uretek; they haven't been able to get full support as advertised.” Therefore, there are

mixed opinions on the use of this technology and its future evaluation is warranted.

Observations for Structures C-22-BT and C-21-BM
1. Both bridges experienced settlement within one year of construction.

2. Both have asphalt approaches, no signs of erosion.

3. All joints are in good conditions.

4. The drainage system is in good condition.

5. For structure C-22-BT, there are no differences between the two approaches to explain the
difference in performance (similar height of embankment and exposure to the Creek running
water). Hence, the inadequate performance of the south approach is believed to be attributed to

construction problems (inadequate compaction or construction during the cold season).

For Sturcture C-21-BM, the settlement problem could be caused by construction problems as

presented for Structure C-22-BT or due to presence of slightly compresible foundation soil.

Structure C-16-DK__(Figure C. 6) along SH 287: This structure experienced significant

settlement in all four lanes and therefore was ranked 3. There is a severe bridge bump problem
(see break in the yellow line of the picture shown in Figure C.6) at this site. This problem is
magnified by the high speed limit of 55 MPH. For this structure, with approaches ranked the
worst, a detailed investigation to identify the causes of the problem was performed and the
results are summarized in the next chapter. It was determined that a soft soil layer is located at a

depth of 10 ft and is the main cause of the problem. During the summer of 2004, CDOT
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Maintenance tried the Uretek method (or foam) for the deep stabilization of the fill, but it did not
work because of the presence of water. CDOT Maintenance will consider compaction grouting

for this structure and the repair costs are roughly estimated at $60,000.

Bridges with Approaches Constructed with Class B Filter Material: D-17-DN, D-17-DM,
D-17-CR, D-17-CT, D-17-DY.

Several bridges (listed above) were constructed in 2004 along I-25 north of Denver near the exit
to the City of Lafayette. The approaches for these structures were constructed with Class B Filter
Material instead of Class 1 Backfill. Other details of the bridge approaches were similar to those
for Class 1 except for those listed next. Expansion Device was placed at the abutment wall
which, according to Dick Osmun, is to prevent dragging of the approach slab that could cause
the slab to crack. In structures D-17-CR and C-17-T, the drainage details were different than
those of CDOT standards.

Construction personnel complained of the lack of quality assurance methods for placement of the
Class B Filter Material because no compaction tests were required for this material as per CDOT
construction standard for this material. They reported some settlement possibly due to the use of
Class B Filter Material. On May 24 of 2005, these structures were inspected. The PI did not see
any solid evidence of major approach settlement problems in these bridges. In the first two
bridges, the approach slab at the expansion joint is resting on the bridge abutment, so any
settlement there has nothing to do with the backfill or embankment settlement. In structure D-
17-DY, the pattern of settlement suggests that the bump was created at the end of construction as
discussed before. Recent observations reported early in 2005 suggest some settlement at the four
corners of this bridge. It is recommended in the future to monitor the performance of these
structures and to develop a more robust method for the quality assurance of Class B filter
materials placed as abutment backfill material. Some suggestions for quality control of Class B

Filter Material were furnished in Chapter 2.
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4.6  Region 1 Bridge Approaches

In Region 1, a total of 21 bridges were constructed with flowfill backfill materials (44
approaches), and 2 with MSE Class 1 backfill (4 approaches). A list of these bridges and detailed

performance results for each structure are listed in Table B.6.

The Founders/Meadows Bridge over 1-25: although constructed with MSE Abutment backfill,

is singled out because the abutment was supported by MSE walls not by deep foundations as is
the case for other bridges. The performance of this structure is rated as excellent and more

detailed discussion on the performance of this structure is presented in a subsequent chapter.

Structure G-22-BX (Figure C.14): no settlement or cracking was noticed along the north end of

this structure. The south end settled approximately 2 with about a 1" gap in the joint. The speed
limit is low because of approaching an intersection just down the road. The 2" settlement is
significant; however it is spread over approx 24 feet in length of approach slab. The approach
rides fair because of the low speed and large length of the approach slab. The height of the
structure above the creek is around 10 feet. There is one crack opened up about an inch wide in

the approach slab, and CDOT Maintenance plans on filling it to keep water out of the base.

According to Mr. Terry Hubbell from CDOT Maintenance the settlement happened shortly after
the structure was built and it does not appear to have settled any more for the last year or so.
And because the problem occurred on one side, it is expected that construction problems caused

the problem as discussed before structure C-22-BT.

According to Mr. Hubbell also, the approach and the structure are concrete so asphalt was not
recommended for repair because it is hard to get the asphalt to adhere to the concrete (i.e., it
seems to always have a problem with asphalt raveling). He is thinking of using a foam to raise
the slab and the expected cost is $10,000.

E-19-Z (Figure C.15): This structure was constructed in year 2000 with MSE abutment

backfill. This structure has significant settlement in all four lanes and therefore was ranked 3. For
this structure with approaches ranked the worst, a detailed investigation to identify the causes of

the problem was performed and the results are summarized in the next chapter. This structure
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was repaired using compaction grouting in June of 2004. The total repair cost was $68,000. The
roadway appeared fine 6 months after the work was completed. Another year or two would give

a much better indication of the performance of compaction grouting.

4.7  Region 2 Bridge Approaches

In Region 2, a total of 16 bridges were constructed with flowfill backfill materials (32
approaches), and 8 with MSE Class 1 backfill (16 approaches). A list of these bridges and
detailed performance results for each structure are given in Table B.7. Region 2 has the largest
number of Bridge Structures constructed with MSE Abutment Backfill. Six photos of these
structures are provided in Figure C.17. Except for Structure L-18-BD, it seems that the
performance of these structures is acceptable. A list of the bridge approaches that were repaired

or need repair with information on repair costs are given in Table 4.4.

Table 4.4 The Problematic Bridge Approaches in Region 2 (They all ranked 1 based on
their current conditions except Structure L-18-BD ranked 3)

Bridge Maintenance Comments Expended
Repair
Costs
Approaches Constructed with MSE Abutment Backfill- See Figures C.1 and C.17
J-18-Al Dropped an inch -- patched — south end only. $500
K-18-GG Problem was fixed during construction 0
L-20-A Patched- all sides $1000
L-18-BD Ranked 3 and is the only structure that still needs to $50,000
be repaired in Region 2. Significant Repair costs are
expected.
Approaches Constructed with Flowfill Abutment Backfill
L-21-DA Repaired twice. First, by roto milling close to the $1500
joint. Later a sliding plate was placed on the
expansion joint, and plug joint was placed raising the
top grade by around 4”.
L-21-DB Settlement of 2”” on west side and 17 on side. See $1000
details below.
1-17-KZ Added mix once-North end $500

Possible Causes of the Bridge Bump Problems for Structures L-21-DA and K-18-GG:

According to Mr. Dean Sandoval from Region 2, a bump was created at end of construction
because the expansion joint was placed per the plan grades not based on grades of the

constructed bridge and approaching roadways (see Section 2.11 for more details).
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L-21-DB (Figure C.1): The bridge was constructed in 1997 in the fall and shortly after

construction was completed the west end of the bridge at the approaches settled. It was fixed
with 1" of asphalt overlay in 1999. In 2003, both sides were fixed again with 1" of asphalt
overlay with costs approximately $500. No significant settlement since last year so it was ranked
1. Fill height of this structure is around 30 ft. The bridge is new (location is different from the
older bridge). There are no sidewalls, no expansion device, no drainage inlets, and there were no
sign of erosion to the side embankment. The bridge and approaching roadway are covered with
asphalt which allow for cost effective repair for the settlement problem when compared to bare
concrete approaches. There is cracking at the joint and approximately 30" from the joint across
both lanes. The length of approach slab is around 15 ft. Maintenance could not find any reason
for the settlement at this structure and for the differences in settlement between the east side and
west side (both have the same fill height) except for possible construction settlement from lack
of compaction. However, the fact that settlement continues to occur with time (4 years after fixed
the 1% time) may suggest the presence of a compressible foundation soil layer. Also it should be
noted that the bridge is new and did not replace an older bridge. This bridge should be monitored

in the future if settlement continues to progress with time.

L-18-BD (Figure C.1): This structure was constructed in 2003 with MSE abutment backfill.

During and shortly after construction was completed, significant approach settlement and wall
bulging problems were noticed. For this structure with approaches ranked the worst, a detailed
investigation to identify the causes of the problem was performed and the results are summarized

in the next chapter. The repair costs that will be paid by CDOT are estimated as $50,000.

4.8 Performance and Cost-Effectiveness of Flowfill and MSE Bridge Approaches

The performance and cost-effectiveness data presented in Tables 4.5 and 4.6 are based on
limited number of data and service years for MSE approaches and therefore should be
considered with precaution. In addition, the performance and repair of approaches are not only
controlled by abutment backfill but more related to drainage, construction workmanship,

embankment, and foundation soil, as will be discussed in Chapter 5.
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The number of bridges considered in the evaluation are 98 bridges constructed with flowfill
backfill material (202 approaches), 14 with MSE Class 1 backfill (28 approaches), and 10 with
MSE Class B Backfill (20 approaches). A list of these bridges and detailed performance results
for each structure are given in Tables B.4 through Table B.7. Performance results for these
approaches are briefly summarized in Table 4.5. Results of the cost-effectiveness analysis are

summarized in Table 4.6. Findings are:

a Most of the flowfill and MSE bridge approaches constructed by CDOT since 1993 are

performing well, with no settlement or cracking problems.

d Most of the settlement problems for the flowfill approaches occurred to the older bridge
approaches constructed in 1994 when CDOT just started using the flowfill. The 2005 unit
construction cost for flowfill is $76/CY. The estimated total 2005 unit cost of flowfill over their
service life of 40 years ranges from $95/CY if no additional repair costs will not be needed in the
future to $176/CY if repair will be needed in the future (assuming that past and future repair
rates are identical). If flowfill approaches constructed before 1994 were not considered in the
cost-effectivness analysis, the unit cost of the flowfill over the entire design life would drop to
around $80/CY. This suggests that that the costly flowfill backfill should remain a viable

alternative in special applications because it has an outstanding performance.

a Out of 28 bridge approaches constructed with MSE Class-1 backfill, 4 approaches at two
bridge structures failed. Pure construction problems caused the failure of the MSE approaches
that could be avoided in the future with better and tighter construction specifications for the
backfill and embankment materials. These failures would not be eliminated if flowfill backfill
was employed because the primary sources of the settlement problem were the embankment and
foundation soils, not the 4-ft thick backfill placed beneath the sleeper slab. However, it is
possible that the extent of these failures would be reduced with flowfill because construction
problems in MSE backfill, like lack of compaction or construction timing, will not be of concern

with flowfill. Generally, MSE backfill is more sensitive to construction problems than flowfill.
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u The use of MSE Class 1 backfill is cost effective ONLY if the rate of repair of MSE
approaches will decline significantly in the future. In this case, the unit cost of MSE approaches
over their entire service life would be much less than that for flowfill and comparable to
approaches constructed with MSE Class B. However, if the past rate of repair of these
approaches would continue in the future, the unit cost will much be higher because: 1) the repair
costs of the four failed MSE Class-1 Backfill approaches were significant, 2) the limited number
of constructed MSE approaches, 3) and the relatively short service period of MSE approaches.

u The MSE Class B filter material as abutment backfill has the lowest cost. This is because
no repair was reported for the MSE Class B approaches and their current performance is
adequate. A more scientific evaluation on the performance and cost-effectiveness of the MSE
Class B Backfill material should be made after five or 10 years when both number and average

service life of MSE Class B approaches have increased.

Based on the above, the study recommends that CDOT continues to use of MSE approaches with
both Class B and Class 1 backfills over the next few years and to monitor and document their
performance and repair costs. Then, a cost-effective analysis of various abutment backfill
materials (flowfill, MSE class-1, MSE Class B) should be performed as described in this study to
determine the abutment backfill material that has the lowest cost for an acceptable performance

over the entire service life of 40 years.

Table 4.5. Performance of Flowfill and MSE Bridge Appproaches.

Type of Abutment Backfill Flowfill MSE Class 1 MSE Class B Filter
Backfill Material

Number of bridge approaches (# of | 202 28 (14) 20 (10)

bridges) (98)

Rating based on approach slab settlement

With no or minimal bridge bump 183 24 20

problem

With slight to moderate bridge bump 13

problem

With severe Bridge Bump Problem 6 4

Rating based on inspection records of CDOT Staff Bridge

Good 182 26 20

Fair 20

Poor 2
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Table 4.6. Cost-Effectiveness Analysis of Flowfill and MSE Bridge Appproaches.

Type of Abutment Backfill Flowfill | MSE Class | MSE Class
1 Backfill B Filter
Material

Number of bridge approaches (# of bridges) 202 28 20

The 2005 Unit Construction Cost of the Approaches

per CY, $ 76 37 57.5

Volume of Placed Backfill (CY) 40400 5600 4000

Average Number of Service Years until 2005 7.69 3.99 2

2005 Expended Total Repair Costs ($) 264500 69500 0

2005 Required Total Repair Costs ($) 514000 50000 0

2005 Total Repair Costs ($) 778500 119500 0

2005 Unit Repair Cost ($) per CY of the Backfill 19.27 21.34 0

2005 Unit Cost ($) per CY-Lower Limit 95.27 58.34 57.5

2005 Unit Repair Cost over the Service Life of 40

Years Per CY () 100.23 214.16

Total 2005 Unit Cost ($) Over the Entire Service Life

of 40 years Per CY- upper limit 176.23 251.16 57.5
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5. INVESTIGATION OF BRIDGES WITH SEVERE BRIDGE
APPROACH SETTLEMENT PROBLEMS

5.1  Objectives

This chapter presents the causes and sources of the current bridge approach settlement problem at
the sleeper slab for five bridge structures that experienced significant approach settlement problem
(ranked 3, see previous chapter). Evaluations were made to determine if this settlement has more
or less ended or had significant settlement potential remaining. It is important to identify the
sources, causes, magnitude, and timing of current and future settlements to develop an effective

plan for repair and mitigation of the settlement problem.

The investigation described in subsequent sections focused on five bridge structures that were
ranked 3 in the previous chapter. Three of these bridges thoroughly investigated in this study are:
1. Salt Creek Bridge along SH 50 (L-18-BD) in Region 2. This structure was constructed with
MSE abutment backfill.
2. SH 287 Over Little Thompson River (C-16-DK) in Region 4. This structure was
constructed with flowfill abutment backfill.
3. 1-70/1-225 Interchange in Region 6. This structure was constructed with flowfill abutment
backfill.

And two more structures were previously investigated by CDOT Soil and Foundation Units and
they are:
4. Structure E-19-Z on US 36 East of Bennett in Region 1. This structure was constructed
with MSE abutment backfill.
5. Structure E-17-PR @ 1-76 at 136™Ave in Region 6. This structure was constructed with

flowfill abutment backfill.

The investigations performed on these structures are based on the materials presented in Chapter 3.
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5.2. Salt Creek (L-18-BD) (MSE Abutment Backfill)

5.2.1 Description of the Bridge Structure

The new Salt Creek Bridge (Structure L-18-BD), located in Pueblo, Colorado, carries SH 50 C
over Salt Creek. The sides of the bridge and approaching roadways are supported by MSE walls.
The front MSE wall supports the bridge abutment, which extends around a 90-degree curve into a
“lower MSE wall” supporting a second tier, “upper MSE wall”. A section through the front MSE
and abutment walls and a section through the upper and lower MSE walls are shown, respectively,
in Figures 5.1 and 5.2. It is unfortunate that the reinforcements of the lower MSE walls do not
extend below the leveling pad of the upper MSE walls (Figure 5.2) for better integration of the two
MSE walls (so that the two wall bodies act as one body). This would increase the overall stability
of the two MSE structures and alleviate the potential for development of a weak zone or a gap
between the two walls. Note that continuous tension cracks were found at the concrete pavement
between upper and lower tiered MSE walls. In addition, placement of reinforcement layers in the
foundation soil below the leveling pad of the upper MSE wall will strengthen that foundation. It is
recommended that in the future the reinforcements of the lower wall be extended beyond the
leveling pad of the upper MSE wall and the length of reinforcements of these walls be increased on
a one to one slope as was performed for the front MSE wall (see Figure 5.1). Also, it is
recommended that the reinforcements placed in the upper MSE wall be wrapped around as was

performed for the reinforcements placed behind the abutment wall.

5.2.2. Description of the Bridge Bump Problem

The study investigation of the bridge bump problem focused on the SW corner of the Salt Creek
Bridge (see Figure C.1), where the problem was thought to be the worst.

Sharon Wilson from CDOT Staff Bridge wrote on December 2, 2003: “At all four abutment
corners, there is evidence of settlement of the MSE backfill and the upper tier walls and bridge
approach slabs. At the SW corner of Structure L-18-BD, the settlement is far more pronounced and

the upper tier wall has displaced laterally immediately behind the abutment. At this location, the
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settlement and displacement have become more pronounced than at the time of an earlier visit
September 13, 2003.” And wrote on another occasion “Because we do not know if the movement
here has stabilized or is continuing, and we do not know entirely the cause of the movement, a
permanent repair may be premature. Staff Bridge understands that the Region would like to have
the original contractor complete permanent repairs, but we recommend that the drainage be
corrected first and the walls surveyed to establish bench-mark measurements for future
monitoring. To correct the drainage, the bridge approaches should be repaved and any cracks in

the asphalt between the approach slab and the roadway should be sealed with crack sealant.”

Sharon also wrote on November 3, 2003: “Also the settlement appears to be only near the
abutments, and is not evident midway between the two bridges. Two possibilities | had considered
was potential saturation of the fill near the abutment due to intrusion of water causing loss of bond,
and potential collapsing soil in the foundation material. | do not know what the condition of the
original structure was and whether there was an indication of collapsible foundation material.
There were several weep drains along the wall and they all appeared to be functioning along the
north side. On the south side, there is a large drain from inlets that are about midway between the
two bridges, but the weep drain closest to the SW abutment of the river bridge did not appear to be
working. However, there was evidence of drainage coming through some of the separations
between blocks and the open joint in the slope pavement.”

A digital road profiler was used to draw elevation profiles of the transition section from the bridge
deck to the approaching roadway (see Abu-Hejleh et. al., 2001 for more on this technique). The
measured and design elevation profiles along the shoulder line of the southwest corner of the
bridge-roadway zone are shown in Figure 5.3. The construction plans indicate that the final design
elevation of the top surface of the pavement in that zone drops at a rate of 0.06 inch/ft in the
direction going west to east. Based on the measured and design elevation profiles, the settlement
profile along the bridge approach was developed (Figure 5.4). At the sleeper slab, the settlement
was estimated at 4.32 inches. Across the bridge, the design slope was 0.02 ft/ft. The measured
average slope was 0.029 ft/ft. Assuming that the median did not settle, this suggests a settlement of
around 4.5 inches at the sleeper slab by the shoulder line. This is close to the settlement estimated

from the longitudinal elevation profile.



5.2.3. Review of the Construction Plans and Geotechnical Report

Review of the construction plans revealed that the new bridge and approaching roadways with side
MSE walls replaced an older bridge with side sloped embankments. The new bridge and roadway
structures were only extended on the sides. The boundaries of the old and new bridges at the SW
corner of the bridge are illustrated in Figure 5.5. A granular fill was used for construction of the
front, lower and upper MSE walls as shown in Figures 5.1 and 5.2. Part of this fill was to replace
old embankment soil that was removed and additional fill was placed above the original ground
level mainly for the lower and upper MSE wall (beneath the sidewalk and part of the shoulder, see
Figure 5.5).

5.2.4 Results of the Subsurface Geotechnical Investigation

Two borings were drilled. Boring 1 was located in the approach slab, about 6’ from the bridge
abutment and 6” from edge of the sidewalk. Boring 2 was located 3.5 ft from the sleeper slab joint
toward the roadway and 3.5 ft from edge of the sidewalk. For these borings, Figure 5.6 shows a log
of subsurface materials encountered, driving test results in term of N-values collected from the
SPT and California Samplers, and locations and types of all collected soil samples. According to
Boring 1, the depth of the abutment and embankment fill materials is around 35 ft and the
thickness of the foundation soil layer is 35 ft. Rock was encountered at a depth of 70 ft. The log

results suggest that the N-values obtained from SPT and the California Sampler are comparable.

5.2.4.1 Backfill and Embankment Materials

Table 5.1 and Figure 5.6 list all the laboratory and field test results on the abutment and
embankment fill materials. The granular backfill is described as medium dense in Boring 1 (N-
values from 13 to 14), and loose in Boring 2 (around the sleeper slab). The tabulated results
suggest that the backfill materials of Boring 1 nearly met the requirements for gradation,
compaction, and Atterberg limits (measured PI of 8 is close to the required value of 6) for Class 1
structure backfill. However, the compaction requirements were not met for the backfill placed in
Boring 2 (Table 5.1) for a depth that extends up to 20 ft. Both the field and laboratory test results
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suggest that the applied compaction for the backfill was not uniform and the backfill of Boring 2
was poorly compacted.

The measured water content for the granular backfill was above the optimum water contents. This
suggests that the drainage measures, employed in the project to prevent surface water from
reaching the fill, have failed. The degree of saturation of the granular backfill was roughly
estimated as 70% for the medium dense backfill of Boring 1 and 45% for the loose granular
backfill of Boring 2. Based on these results, there is a need to explore the potential future
settlement of the loose granular backfill due to increase in the moisture content of the backfill,
assuming that the soil moisture content did not increase in the past above the level measured in this
study. Two samples from the Class 1 granular backfill material (see Table 5.1) were remolded in
the consolidation test cell at loose compaction conditions (relative compaction around 82%) as
measured in Boring 2. For the 1* sample, the initial water content was 3.3% (dry of the optimum),
and for the other sample the initial water content was 8% (wet of the optimum, close to the
measured moisture in Boring 2). These samples were consolidated to a vertical stress of 1 ksf.
Then, the samples were inundated to measure the resulting hydrocompresssion strain over 24 hours
(Coduto, 2001). Last, additional stress increments were applied as in the conventional
consolidation test procedure. Results of the two tests are shown in Figure 5.7 and they
demonstrate the compression of the samples upon wetting, especially when the fill is placed on the
dry side of optimum. Similar results for two well-compacted granular samples are shown in
Figure 5.8. The results suggest that compression of a well-compacted class 1 backfill upon wetting

remains of concern if the placed moisture content is on the wet side of the optimum.

For SM-SC granular soils, it is recommended in the literature to use a value for Cc/(1+ep) of 0.02
for the very loose state and a value of 0.01 for the medium dense granular soils. These

consolidation characteristics were assumed in the settlement analyses.



Table 5.1. Laboratory and Field Test Results for the Fill Material of the Salt Creek Bridge
Approaches

Modified proctor test results for the granular backfill, AASHTO T-180, two tests:
1. Maximum dry density values 136.3 pcf and 137.7 with average of 137 pcf (required dry
density is 95% of 137.7 = 130 pcf).
2. Optimum moisture contents are 4.9% and 5.6% with average of 5.3%.

Depth | N- Yd w % % % LL |PI Consistency | Classification &

(ft) (bpf) | (pcf) | (%) | gravel | sand | Fines | (%) | (1) Description
Requirements for Class 1 Backfill used in this Project
\ | 130 | | 0-30 |0-95[5-20 | <35 [ <6 | |
Boring # 1
7 19 127 | 7.4 Medium
7 19 128 | 7.1 Dense
17 19 7.2
17 19 7.1

27 23 130 | 7.7

27 23 131 |79

Boring # 2
4 7 112 | 7.4 Loose
5 7 115 [9.1 |13 68 |19 23 |8 SC, A-2-4(0)
5) 7 116 | 7.2
10 7 116 9.4 |20 65 |15 21 |6 SC-SM, A-1-b

5.2.4.2  Foundation Soils

Table 5.2 and Figure 5.6 list all the laboratory and field test results on the foundation soil. The
pockets of granular materials encountered between the compressible clay layers can be described
as medium dense silty sand with gravel (SM and A-1-b). Most of the foundation soil layers can be
described as medium stiff sandy lean clay (swelling potential is very low). In terms of
compressibility, it can be described as ““slightly compressible.” The initial degree of saturation of
the foundation was high (80% to 90%, potential for softening in the future due to water intrusion is
low). Water was added at the beginning of the consolidation test. This will take care of any
settlement that could occur in the future due to an increase in the soil moisture content. The

measured creep index values (0.002 to 0.005) are relatively small.
Before construction of the new Salt Creek Bridge, several test holes were drilled during the

subsurface geotechnical investigation. Test hole F-9 was drilled in the approach slab close to the
CENTER of the old bridge (west side). A clay layer was encountered in Boring F-9 as in Boring 1
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but with much higher SPT N values ranging from 14 to 28 blows per foot compared to values of 6
and 7 obtained in Boring 1 of this study. The clay foundation layer was described in the
construction plans as very stiff, but medium stiff clay was encountered in Boring # 1. This
significant difference is hard to explain. One possible reason is that the foundation clay layer
encountered in Test Hole F-9, placed close to the center of the old bridge, was allowed to
consolidate under the fill of the old bridge for more than 40 yrs, and this was not the case for the
clay layer of Boring 1 located near the edge of the old bridge. Another reason is that the old SPT
data of Boring F-9 were collected during the dry time of the year when the foundation soil may
have been stiffer and the GWT was at its deepest elevation. The SPT data of Boring 1 were
collected during the wetting season in Colorado (April to June). Hence, seasonal corrections of
the SPT data collected during the dry season should be made based on the expected highest soil

moisture contents during the wet season. The study recommendations for location of test holes are:

m Shallowest location close to the foundation soil layer (location of lowest consolidation
potential).

m Locations where the fill height above the original ground level is expected to be the highest.
5.2.5 Settlement Analysis and Results
The assumptions employed in the settlement analysis are:

m Height of the fill that replaced the embankment material of the old bridge is 25 ft for the upper
MSE wall and 15 ft for the lower MSE wall. On top of this fill, it is assumed that an additional
10 ft of fill was placed per unit length of the wall over a width of 25 ft that extends
(perpendicular to the wall) from the facing of the lower MSE wall to 9 ft behind the facing of
the upper MSE wall (minimal additional fill load was added in the zone around the center of
the new bridge). Wall loads are assumed to be applied like in continuous footing foundations.

m  The compressible medium stiff clay layer is assumed to extend 35 ft (see the log in Figure 6.6),
to have Cc/(1+eg) of 0.08, coefficient of consolidation C, (ft*/day) of 0.26 ft?/day, and a creep

compression index, C, of 0.004.
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Table 5.2. Laboratory and Field Test Results for the Foundation Soil of the Salt Creek

Bridge Approaches.

Depth | N- | vq w % % % LL Pl Consistency | Classification
(ft) (bpf) | (pcf) | (%) | gravel | sand | fines | (%) ) & Description
37 6 106 | 17.3 Medium Sandy lean
37 6 105 (174 |0 43 |57 23 15 Stiff clay, CL, A-4-
385 |6 103 181 |0 32 |68 25 8 2 to A-4-3
565 |6 105 |20.1 |15 21 | 64 32 20 Sandy  lean
62 7 90 37 14 clay with
gravel to lean
clay, CL, A-6
(10)- (20)

Consolidation Test Results
Water was added at the start of the test to fully saturate the samples, swelling is negligible

Test 1 for Specimen collected from Depth of 38.5 ft (see above description)

Saturation level increased from 84% to 100%, specific gravity is assumed 2.7, e,= 0.634

C. | Cd(1+e;) | Load 0.4 08 | 16 | 32 6.4 12.8
(ksf):

0.09 0.06 Cv 006 | 008 | 021 | 0.29 0.31 0.71
(ft/day):

Ce 0.002 |0.002 | 0.0003]0.002] 0.002 0.001

Test 2 for Specimen collected fr

om Depth of 56.

5 ft (see above description)

Saturation level increased from 91% to 100%, specific gravity is assumed 2.7, e,= 0.599
C. Cd (1+e) Load 1 2 4 8 16
(ksf):
0.13 0.08 Cy 0.15 0.26 | 0.12 | 0.29 0.21
(ft*/day):
Cq 0.003 0.005 | 0.005 0.004

m A Cc/l+e, of 0.02 was assumed for the loose granular backfill and 0.01 for the medium dense

granular fill material. It is assumed in this analysis that all the soil layers are normally

consolidated, except the upper 4 ft assumed to be overconsoldiated with a preconsolidation

pressure of 250 psf for the loose fill material and 500 psf for the medium dense fill soil layers.

Four causes of settlement were investigated:

m The time dependent consolidation settlement of the clayey foundation layer under the influence
of newly added 10 ft of fill load.
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Results: settlement of the foundation clay layer below the lower MSE walls was calculated to be

2.4, settlement of the foundation clay layer below the upper MSE walls was calculated to be 1.4,

and settlement of the foundation clay layer below the center of the new bridge was negligible

because very small fill load was added.

Collapse of the granular fill upon wetting (or increase of its moisture content after construction
was completed, see Figures 5.7 and 5.8). An estimate of the generated and future collapsible
type of settlements requires information on the maximum fill moisture contents before and
after construction was completed and the maximum future moisture content. Assume an initial
fill moisture content of 5.3% (optimum) and a maximum fill moisture content of 8% (Table
5.2, Boring 2). Based on the results of Figure 5.7, the wetting settlement that occurred in the
past in the 20 ft loose granular backfill (Boring 2) is estimated at 4.8” (occurred during and
after construction) and the future wetting settlement of that layer is estimated at 1.2”. Based on
the results of Figure 5.8, the wetting settlement that occurred in the past in the 25 ft medium
dense granular backfill (Boring 1) is estimated at 1.5 (occurred during and after construction)

and the future wetting settlement of that layer is expected to be minimal.

The self-weight consolidation settlement of the 35 ft of fill layer (upper MSE wall only,
assumed to be fully saturated). This settlement occurs within the fill materials after compaction
is completed due to the weight of the overlying soil layers. Though granular soils typically
experience their self-weight consolidation settlement during or shortly after construction, some
of these settlements may be delayed until the thawing and wetting season is over, that is until
the soil is subjected to its highest water content so any softening responses will surface up.
Therefore, within a year of construction completion, after the soil is subjected to the cycle of
thawing/wetting season, it is expected that most of the self-weight consolidation settlement in

the granular fill would occur.

Results: Total settlement of 2.4 around Boring 1 (close to abutment wall, medium dense fill

layer), and 5.6 around Boring 2 (near to the sleeper slab, 20 ft loose fill and 15 ft medium dense
fill).



Note: It is often reported that the wall’s granular backfill will consolidate during and after

construction and this settlement is related to the depth of the fill, the degree of compaction, the

moisture content, and type of fill. Settlement for properly compacted backfill material is roughly

estimated to be 1% of the total fill height (0.01 x 35= 0.35 ft = 4.2”). This approximation seems to

be on the conservative side (estimated here 2.4”).

m Settlement of the sleeper slab placed on the loose granular fill due to the dead and live loads
carried by the approach slab. This load is assumed to generate a bearing pressure of 900 psf

under the 4ft wide sleeper slab.
Results: Total settlement of 1, 0.9 in the fill and embankment granular soil layers, and 0.1 in
the foundation clay layer. If the granular fill was compacted well, the settlement will drop to 0.5
(reduce by 50%).
m  Creep or long-term time dependent settlement under constant load. In the clay layer, this
settlement would be less than 0.5” over 10 years after construction was completed.

5.2.6 Causes of the Approach Settlement Problem

The approach settlement problem at the Salt Creek Bridge Structure appears to have been caused

by three mechanisms

(] Settlements of the foundation clay layer due to new fill placed above the original ground level

in the lower MSE wall and upper MSE wall. This settlement occurred along the sides of the

structure: lower MSE wall and within 10 ft behind the facing of the upper MSE wall. At a
distance of about 10 ft from the facing of the upper MSE wall, the added fill load was very
small (no observed settlement). The non uniformity of the applied fill loads resulted in the
observed differential settlements pattern across the approaches: the approach settlements are
only concentrated behind the abutment and upper MSE walls, and is not evident close to the
median of the bride. Also, the settlement of the foundation layer below the lower MSE wall

(2.4”) was larger than the settlement of the foundation layer below the upper MSE wall (1.4”)
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because the lower MSE wall is closer to the compressible foundation layer (smaller distance
for the fill loads of the lower MSE wall to dissipate with depth). The differential settlement
between the lower and upper MSE walls could explain the gap or tensile cracks developed
between the upper and lower MSE walls and between the lower MSE wall and the abutment.
The presence of tensile cracks in that zone could also be an evidence of lateral displacement of
the lower MSE wall.

0 Settlement of the loose granular fill material placed below the sleeper slab to a depth of 20 ft.
This granular fill was poorly compacted, possibly because it was placed during the winter
season. Most likely this problem is concentrated within 30 ft from the sleeper slab toward the
roadway (based on Figure 5.4). The fill between the sleeper slab and the abutment wall appears

to have been well compacted.

QO Failure of the drainage measures placed to keep the surface water from reaching the fill layer

and possibly the foundation layer. This softens the soil layers.

5.2.7 Sources, Magnitude, and Timing of the Approach Settlement Problem

Field observations and measurements suggest settlement problems was severe in two zones

1) The zone located behind both the upper MSE wall and the abutment wall. The settlement
in this zone was noticed because the end of the approach slab is supported by the abutment wall
that did not settle, so a gap developed between the approach slab and the settling soil beneath it.
This is also true for the observed settlement of the lower MSE wall relative to the abutment wall.
Most likely, this kind of settlement occurred to the upper and lower MSE walls located on the
roadway side of the sleeper slab but was not noticed because the roadway settled with the soil
beneath it. The profiling data presented in Figure 5.4 suggest so. In that zone, the placed backfill
was well compacted so most likely the settlement problem occurred due only to the compressible
foundation soil layer. Some of the settlement in that zone could also be attributed to the lateral

displacement of the facing blocks discussed later.
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Sources and Magnitude of the Settlement. The consolidation settlement analysis suggests total

settlement of 1.4” in the foundation clay layer and wetting settlement up to 1.5 in the well-

compacted granular fill layer. Creep and self-weight consolidation settlements are discussed next.

Timing of the Settlement Problem. The structure has been in service for two years since

construction was completed.

It is estimated that 80% of the consolidation settlement of the clay layer has occurred over the last
two years (1.1”) and 0.3” is expected to occur in the next two years. In addition, creep settlement
of the foundation layer is estimated to be an additional 0.5” over a long time period of 10 years.
Because the structure has been in service for more than two years, future settlements due to
wetting and self-weight consolidation of the well-compacted granular soils are expected to be

minimal.

2) The zone below the sleeper slab. Causes of settlement in this zone are the presence of loose
fill soil, the dead load and live loads carried by the approach slab and supported by the sleeper
slab, and the new added fill behind the facing of the upper MSE wall. All these factors make the
zone under the sleeper slab and behind the upper MSE wall the most critical zone as noticed in the

field observations.

Sources and Magnitude of the Settlement Problem. The consolidation settlement analysis suggests
a settlement of 1.5” in the foundation clay layer and more than 7”of settlement in the poorly

compacted granular fill layer. Creep settlements are discussed next.

Timing of the Settlement Problem. Most of the consolidation settlements of the clay layer (1.57)

will occur after placement of the sleeper slab. Around 50% of this settlement should have been
completed within one year after placement of the sleeper slab and 80% (1.2”) within two years.
The settlement-time curve of the sleeper slab due to consolidation of the foundation clay layer is
presented in Figure 5.9 and it is clear that the long-term settlement of the foundation clay layer
after two years (the structure has been in service for two years) is small.
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Of the 77 settlement in the fill, 1 will occur after placement of the sleeper slab due to the live and
dead loads carried by the approach slab and transferred to the sleeper slab. The remaining 6 are
due to wetting of the granular soil with up to 1.2” settlement is expected in the future. Because the
structure has been in service for more than two years, only minor self-weight consolidation

settlement in the granular fill layer should be expected.

Creep soil settlement in the foundation clay layer up to 0.5” is expected to occur within 10 years
after construction is completed. Continued settlement in the loose granular backfill could remain
of concern in the future because loose granular soil has the potential to creep under constant
loads and the chances are even higher when it is subjected to continuous dynamic loading due to

vibration and pounding of the bumpy sleeper slab due to truck traffic.

3) Lateral displacements of the facing blocks of the MSE walls (see Figure C.1, facing
settlement in the upper MSE wall and some facing lateral displacement in the lower MSE wall).
Lateral displacements of the facing blocks can occur when the applied lateral loads on the facing
blocks exceed the in service block-to-block connection capacity of the blocks, so a lateral
displacement problem would occur due to increased lateral earth loads on the blocks and reduced
block-to-block capacity. The weight of the rail coping was not felt in this zone beneath the
approach slab. This reduced the block-to-block connection capacity and increased the chances for
lateral displacement of blocks in this zone. The weight of the rail coping was felt by the blocks of

the upper MSE from the sleeper slab toward the roadway where no bulging problem was noticed.

The facing distress problem seems to be severe for the facing blocks located below the sleeper slab
along the high areas of the upper and lower MSE walls. The facing problem is aggravated in this
zone by the surcharge load applied on the sleeper slab that induces high vertical and lateral loads
on the facing blocks. The influence of these high surcharge loads is magnified by the low
compaction level of the granular fill in that zone which will increase the lateral earth pressures on
the facing. Settlement of the fill relative to the wall facing may have resulted in the transfer of

some of the vertical earth loads to the facing. Finally, the block-to-block connection capacity is
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relatively low in the upper zones of the lower and upper MSE walls because part of that capacity is
derived from the weight of the overlying blocks, which is relatively smaller in the upper zones.
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Figure 5.2. A Section along the Upper and Lower MSE Walls of the Salt Creek Bridge.
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—— Measured Elevation Profile with Repsect to the Bridge Abutment
—=— Design Elevation Profile with Respect to the Bridge

Profile Line along the Shoulder line of the West-South Corner of the Bridge
Sleeper slab joint at distance of 20 ft from the bridge abutment

Elevation with Respect to the Bridge Abutment
(inches)

Distance from the Bridge Abutment toward Approaching Roadway (ft)

Figure 5.3. An Elevation Profile of the Bridge Approach along the Shoulder Line of the SW
Corner of the Salt Creek Bridge Approaches.
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Profile Line along the shoulder line of the west-south corner of the

Estimated Setttlement (inches)

Sleeper slab joint at distance of 20 ft from the bridge abutment

0 10 20 30 40 50 60 70 80

Distance from the bridge abutment toward approaching roadway (ft)

Figure 5.4. A Settlement Profile of the Bridge Approach along the Shoulder Line of the SW
Corner of the Salt Creek Bridge Approaches.
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Figure 5.5. Elevation Profiles across the SW Corners of the Old (dashed line) and New (solid
line) Bridge Approaches of the Salt Creek Bridge.

5-18



5-19



Figure 5.6. Boring Logs for the Salt Creek Bridge Approaches
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Figure 5.7. Influence of Wetting on a Remolded Soil Sample of Loosely Compacted Class 1
Backfill (Salt Creek Bridge Approaches).
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Figure 5.8. Influence of Wetting on a Remolded Soil Sample of Well-Compacted Class 1
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Time Since Construction of Approach Slab was Completed, Years
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Figure 5.9. Predicted Settlements of the Sleeper Slab Due to Consolidation of the Foundation
Clay Layer (Salt Creek Bridge Approaches).
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5.3 I-70/1-225 Interchange (Flowfill Abutment Backfill)

5.3.1 Overview of the Problem and Construction Plans

Construction for the ramp that connects 1-70 WB to SB 1-225 was completed in 1994. The 34 ft
wide ramp has two lanes (24’) with two shoulders (each 6” wide). Immediately after construction
was completed, bridge bump problems were noticed along the roadway approaches, especially on
the eastern side of the interchange (the focus of this study) as seen in Figures C.2 to C.5. Review of
the construction plans revealed that the fill was higher for the eastern side of the interchange than
for the western side and this could explain why the approach settlement problem was more severe
along the eastern side of the interchange. Relative settlement up to 6” was noticed between the
roadway and the bridge concrete rail on the northeastern side of the bridge as seen in Figure C.5.
No repair was applied except for a thin layer of asphalt placed east of the expansion joint (see
Figure C.2).

Review of the construction plans revealed that that the tall abutment and wing walls (~ 30 ft) are
supported by one continuous spread footing foundation that is supported by two rows of caissons
as shown in Figure 5.10. Flowfill was placed behind the abutment wall as shown in Figure 5.10.
Past the wing wall, a 60 ft long cast in place (CIP) cantilever wall (~ 20 ft high) was constructed
that is supported through spread footing foundation by end-bearing H-piles (Figure 5.11). The
plans required the placement of compacted Class 2 Backfill material behind the wall as shown in
Figure 5.11. The base of the cantilever wall extends about 8 ft from the back facing of the wall.
From the ends of the CIP cantilever walls, MSE walls were constructed without the support of
driven piles. It was required in the construction plans to place the spread footing foundations for
all CIP and MSE walls on a 10 ft (minimum) layer of compacted Class 2 structural backfill. A
drainage layer of permeable base course material was placed behind the stem of the wall. A 4”
inch perforated PVC pipe was placed along the wall at the bottom of this drainage layer (depth of
around 17 ft). Along the wall, non-perforated 4” drain pipes were placed 20 ft apart to carry the
water from the perforated pipes to daylight (to top of the finished ground grade in front of the
wall). Note that the original ground level was raised from a depth of 33 ft below top of the wall to

a depth of 18 ft. The construction plans also indicate that the roadway approaches near the eastern
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abutment are located along a vertical curve with a design vertical slope of around 0.04 and along a
horizontal curve with a cross-sectional slope of 0.08 (superlevated where the north side is higher
than the southern side by 34 x 0.08= 2.72 ft).

5.3.2. Results of Surface Inspection

The roadway approaches east of the east abutment (Abutment 9) were examined. No signs of
bulging to the side walls was noticed. The bridge concrete rail is connected to the wall, not the
roadway as in CDOT current design details. This allowed for a joint between the wall/rail and the
roadway which facilitates the passage of water into the soil of the roadway approaches It was
noticed that this joint is open and wide on the north side of the approach roadway (high side) and
seems to be closed on the south side (lower side). A digital road profiler was used to draw
elevation profiles of the transition section from the bridge deck to the roadway approaches. The
measured and design elevation profiles along a line located 2 ft north of the centerline are shown
in Figure 5.12.

The observations for different segments of the roadway approaches, starting from Abutment 9

going east are:

1. From the bridge expansion joint to the sleeper slab joint (17 ft). The longitudinal and cross-

slope are smooth and consistent with the grades for the nearby bridge side as can be seen in
Figures C.4 and 5.12. This could be attributed to the presence of a very deep flowfill (very stiff)
layer beneath the approach slab.

2. The sleeper slab expansion joint. At the center of the roadway, the eastern side of the

expansion device (armored steel plate) settled 1” relative to the western side. The settlement of
the roadway relative to the bridge rail at the expansion joint is 1”.The expansion joint is in bad

condition and should be replaced in the future.

It seems that the approach settlement problems begins at the eastern side of the expansion joint

and worsen as you go east.
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3. Within 7 ft east of the sleeper slab expansion joint. Significant drop of almost 2” to 3” was

noticed in that zone (Figures C.2 to C.4 and 5.12). This is where the bridge bump is most
severe and felt by the drivers. Driving the roadway before and after this zone is tolerable.

This is where a thin layer of asphalt was added.

4. The zone from 7 ft to 37 ft east of the sleeper slab expansion joint. In that zone, the settlement

increased gradually from approximately 2.5 to 5.5” (see Figure 5.12). Although this change in
settlement causes discomfort to the drivers, most likely it is tolerable. It seems the roadway
edge next to the northern bridge rail settled more than the roadway edge next to the southern
bridge rail by 2” to 3, although the flow line for water is located along the southern side. It
seems also that the centerline of the roadway settled more than the edge of the roadway. This
resulted in a deflected cross-section for the roadway as seen in Illustration “a” below not super
elevated with a slope of 0.08 as required in the construction plans (see Illustration “b” below).

(a) Deflected shape of roadway as noticed.
T (b) Shape of roadway required in the plans
S

Note: settlement of the roadway relative to the CIP wall (which is supported by deep foundations)
is indicative of the settlement of the soil layer (almost 20 ft high) existing between the roadway
and base of the CIP wall. But outside the CIP wall base, the soil rests on the original ground layer.
Therefore, settlement of the centerline of the roadway resulted from settlement of the fill layer (31
ft) and original ground. This could be the reason for the sinking of the soil at the middle of the

approach roadway relative to the sides of the roadway.

5. The zone from 37 ft to 65 ft east of the sleeper slab expansion joint. The observed settlement

of the north side of the roadway relative to the bridge rail barrier remained constant at around 6.

At a distance of 43 ft east from the sleeper slab joint, the CIP wall ended and the MSE wall started.
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6. The zone from 65 ft to 120 ft east of the expansion joint. The observed settlement of the north

side of the roadway relative to the bridge rail barrier reduced gradually in this zone from

around 6” at 65’ to zero at 120°.

Most likely, there was settlement of the roadway in this zone and east of that zone that is not
noticed in this investigation because the roadway settled with the soil beneath it.

5.3.3 Results of the Subsurface Geotechnical Investigation

Two borings were drilled along the eastern roadway approaches 9 ft from the northern side (north
eastern corner of the 1-70/1-225 interchange). Both holes were advanced, respectively, 6 ft and 35
ft east from the sleeper slab expansion joint. For these two borings, Figure 5.13 shows a log of
subsurface materials encountered, driving resistance results in term of N-values collected from the

SPT and California Sampler, and locations and types of all collected samples.

Subsurface materials encountered in the two borings generally consists of 0 to 3.5 feet of flowfill
underlain by embankment fill material to a depth of 31 ft (26 ft in Boring 2), underlain by native
materials. The flowfill is medium dense gravelly sand material. The native material is loose to
medium dense silty sand to clayey sand. The GWT was not encountered in this investigation and
according to the construction plans is located at a depth of 65 ft.

The source of any current or future approach settlement is the embankment soil layer which is the
focus of this investigation. Table 5.3 and Figure 5.12 list all the laboratory and field test results,
and construction requirements for the embankment. According to the construction plans, it was
required that the embankment meet the requirements for Class 2 Structural Backfill (see Figure
5.11). The embankment fill is composed of loose medium dense silty to clayey sand (Embankment

Layer 1) underlain by very soft to medium stiff sandy lean clay (Embankment Layer 2).
Measurements of low dry density values and N- values in the embankment indicate that the

construction compaction requirements for the embankment fill were not met (see Table 5.3),

especially for the clayey layer (Embankment layer 2) that was poorly compacted. The measured
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water content (up to 22.1 %) for Embankment layer 2 was way above the optimum (saturation is
around 75%) suggesting that the surface and subsurface drainage measures failed to keep water
away from this layer. Driving resistance of zero was encountered at a depth between 17 ft and 19.5
ft in Boring 1 (Embankment Layer 2) suggesting the presence of very soft-like slurry- soil layer at
that depth. At that depth, the perforated and non-perforated drainage pipes were placed and any
drainage problem at that depth will affect the surrounding soil. It is unlikely that Embankment
Layer 2 was placed during construction as soft as was measured herein because such a soft layer
would not be able to carry the construction equipment. Most likely, surface water seeped through
the relatively permeable overlying top granular soil layer and from the bottom of the drainage

layer placed behind the facing of the CIP wall, to Embankment Layer 2 and softened it.

Table 5.3 also lists the consolidation test results for the two embankment soil layers. The initial
degree of saturation was 65% for the 1% embankment layer and 75% for the 2" embankment layer.
Water was added at the beginning of the consolidation test to account for any settlement that could
occur in the future due to increase of moisture content. A slight amount of swell was observed that
is very minor and insignificant, especially considering the light load at inundation. In terms of
compressibility, Embankment layer 1 is described as “slightly compressible” and Embankment
layer 2 is described as “slightly to moderately compressible.”

5.3.4 Settlement Analysis and Results

The settlement analysis focused on the settlement