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Section 1 SYNTHESIS ON FAULTED PAVEMENTS AT BRIDGE 
ABUTMENTS 
George Hearn, University of Colorado at Boulder 

ABSTRACT 

1 

This is a synthesis of the literature on the problem of faults in roadway pavements at bridge 
abutments. Faults are differences in elevation of approach pavements and bridge decks caused 
by unequal settlement of embankments and abutments. There has been considerable interest in 
this problem in the past, and previous studies have recommended or demonstrated a number of 
methods for mitigation of pavement faults. Past efforts have focused on particular construction 
methods or materials to reduce total settlements and thereby reduce differential settlements. 
This synthesis attempts to collect and to evaluate the computational tools needed for an engi­
neering practice to evaluate the potential for pavement faults, select appropriate methods for 
mitigation, and assess the expected performance of embankments and abutments under the ac­
tion of a mitigation. An engineering practice for pavement faults requires adequate analysis of 
expected differential settlements, quantitative data on the improvements achieved by methods 
of mitigation, and realistic limits on the tolerance of structures for settlement. This synthesis at­
tempts to assemble the analyses, the mitigations and limits that are needed. By this process, the 
synthesis is able to discover what is lacldng, and what must be developed in continuing re­
search. 

This synthesis includes a review of the causes of settlement-related problems in bridges, a re­
view of methods for mitigation, a compilation and analysis of data on bridge settlements, an as­
sessment of methods for the prediction of settlements, a proposal for a method of estimating dif­
ferential settlements based on the variability in total settlement, an examination of spatial corre­
lation in settlements, and a review of plastic rotation capacity in steel beams and its use in de­
sign of bridge beams to tolerate relatively large settlements. 

, GOALS OF THE RESEARCH 

The Colorado Transportation Institute and the Colorado Department of Transportation are de­
veloping the means to reduce faults in pavements at bridge abutments. Pavement faults are a 
hazard for DOT maintenance vehicles, especially snowplows, and are a cause of public dissatis­
faction. CTI has undertaken this research because previous efforts, though numerous, have not 
succeeded in eliminating pavement faults. 

The CTI effort will be executed in three phases. The first is a synthesis of previous work on 
pavement faults and an assessment of the research and development needs in tne area. The sec­
ond phase will be the execution of the research and development programs identified in the syn­
thesis. The third phase will be a field demonstration of methods to mitigate pavement faults. 
This synthesis is the completion of the first phase of the CTI effort. 

GOALS OF THE SYNTHESIS 

The synthesis collects existing knowledge and identifies needs for new or expanded knowledge 
on causes of faults and existing technologies for the mitigation of faults. Sections in the synthesis 
include: 

OCCURRENCE OF PAVEMENTS FAULTS. REPORTED CAUSES. 
The first, basic step is a review of the reported causes of pavement faults. Mitigation of any sort 
from an improvement of fill material, to a change in the design basis for bridge foundations, can 
be chosen only in response to an identification of the causes of faults. If there are one or a few 
predominant causes, then selection of specific methods for mitigation is possible. If the causes 
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are diverse and differ from project to project, then the primary need is for methods of analysis 
and design. 

MITIGATION OF PAVEMENT FAULTS. 
The synthesis reviews previous work on pavement faults. Mostly, this is work on pavement dis­
tress in approaches, and is better described as studies of problems associated with settlements of 
embankments and bridge substructures. A significant part of the literature on settlement prob­
'Iems addresses the development and demonstration of methods to reduce settlements of foun­
dations and of embankments. Many methods available are to reduce settlements of embank­
ments. These methods are often named as promising means for the reduction of pavement 
faults. Soil improvement can indeed be a method for the reduction of faults, but only if faults 
are caused by settlements of embankments that are greater than settlements of abutments. Thir­
teen distinct methods of soil improvement are collected from more than 40 literature sources. 

An engineering design approach to the mitigation of pavement faults requires an ability to make 
quantitative predictions of the settlements that will occur at bridges. Moreover, there is the 
implication that the magnitude of settlements can be controlled, even selected, depending on the 
type of fill, the improvement of the fill foundation and the design of bridge foundations. To­
wards this end, methods for the prediction of total settlements and differential settlements are 
reviewed, the relation of differential settlement to variability in total settlements is examined to­
gether with spatial correlation of settlements. A method of prediction of differential settlement 
is proposed. In addition, tolerable settlement criteria for bridge beams are reviewed, and new 
criteria for compact steel beams are proposed on the basis of inelastic bending capaCity. 

OBSERVED TOTAL SETTLEMENTS. 
Data on settlements of bridges, and embankments and embankments are reviewed. Differences 
in total settlement among embankments, structural foundations on deep foundation and struc­
tural foundations on shallow foundations are examined. Settlements of embankments are 
somewhat greater than settlements of structural foundations, but the data do not indicate that 
the use of shallow foundations for structural foundations will eliminate pavement faults . The 
database of observed settlements collected here contains data from more than 700 structural 
foundations and more than 100 embankments. These include studies of settlements during con­
struction, settlements from one-time in service surveys of structures and from long term moni­
toring programs for settlements of structures. 

PREDICIlON OF TOTAL SETTLEMENTS. 
The prevention of pavement faults in new projects requires an ability to accurately predict set­
tlements of embankments and foundations. Studies that compare predicted and observed set­
tlements are collected and examined. Predictions of settlements are conservative, and there can 
be large differences between prediction and observation for individual foundations even where 
mean values of predicted and observed settlements agree well. More than 1500 data points are 
collected from 36 studies of accuracy of settlement predictions. 

DIFFERENTIAL SETTLEMENTS IN BRIDGES. 
Differences in settlements cause pavement faults. Mitigations for faults must be evaluated for 
their potential to reduce or eliminate differential settlements. Methods for prediction of differ­
ential settlements are reviewed and a new method for prediction based on variability in total 
settlements is reported. Predictions of differential settlements are compared to observed differ­
ential settlements for 33 bridges. Prediction of differential settlements based on variance is ac­
curate. Spatial correlations in settlements are also examined and it is shown that differential 
settlements are lesser for nearby foundations if settlements are correlated. 
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LIMITS ON TOLERABLE SETTLEMENTS FOR BRIDGES. 
Reported limits on tolerable settlements for bridges are reviewed. Limits on tolerable settle­
ments that are expressed as limits on angular distortion are recognized as limits on differential 
settlements. The new method for prediction of differential settlements is used to related limits 
on angular distortion to limits on total settlement. The effect of spatial correlation on limits on 
tolerable settlements is also examined. The tolerance of structures for differential settlements is 
reviewed and the important of inelastic response in structures is discussed. New methods for 
the estimation of tolerance for settlements of compact steel bridge beams are proposed. These 
estimates are based on the research in plastic rotation capacity of compact steel beams that had 
been performed as a part of the development of autos tress design method proposed by 
AASHTO. 

PAVEMENT FAULTS 
Pavement faults will be prevented by the selection of designs that avoid or prevent differences 
in settlement of embankments and abutments, by the competent execution of these designs in 
construction, and by timely maintenance to offset deterioration that might produce faults at oth­
erwise sound bridges. 

There are two basic mechanisms in the occurrence of faults. Each mechanism leads directly to 
the identification of appropriate mitigations. The mechanisms are illustrated in Figure 1-1. 
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Project 

Global Mechanism 

Local Mechanism 

Figure 1-1 Mechanisms of Pavement Faulting 

The first mechanism is global settlement of the embankment. The second is local settlement or 
loss of fill at the abutment. The global mechanism is mitigated by methods that reduce total set­
tlements in embankments. Improvement of fills or fill foundation can be effective in mitigating 
faults due to the global mechanism. The local mechanism is associated with loss or shifting of 
fill due to (improper) drainage or due to movement of abutments. For the local mechanism, it is 
necessary to control drainage, prevent abutment movements and/or provide fills that will not 
erode or shift. The mechanisms, the observations of settlement that are consistent with the 
mechanism, and the general forms of mitigations are listed in Table 1-1. The table is an example 
of how mitigation methods might be selected. It is important to note that each method of miti­
gation may be effective for only one of the two basic mechanisms. 
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Mechanism Cause I Observation Stratelties for Mitigation 
Embankment settlements are greater than Abutments on deep foundations have Use shallow foundations for abutments where possible. 
abutment settlements. Embankment set- near zero settlement Footings directly on compacted fills are expected to settle 
tlements are uniform or proportional to an amount that is nearly equal to the settlement of the 
embankment height. This is a global approach pavement. 
behavior of the embankment. Abutments on spread footings may allow more settlement 

than a structure can tolerate. Settlements of embank-
ments must be offset by mudjacking of approach pave-
ments. 

Embankments, like any fill system, Improve fills and fill foundations to achieve reduced set-
have a nonzero settlement. tlements of embankments. Many methods of improve-

ment are available including in-situ compaction, preload-
ing, chemical stabilization, and mechanical stabilization. 

Settlements of embankments and abut- Drainage at abutment allows runoff Control drainage. Eliminate pavement joints at abut-
ments are compatible overall. Pavement into the embankment and erosion of fill ments, or vigorously maintain joints and seals. 
faults are a local problem of loss or Seasonal movement of the abutment Provide chemically or mechanically stabilized fills that 
movement of fill right at the abutment. allows small, cumulative movement of will not shift due to movement of the abutment. Also 

fill. prevent the introduction of incompressibles in the void at 
the abutment backwall. 

Expansion of concrete approach pave- Provide for the expansion of approach pavements by use 
ment forces a movement of the abut- of joints with compressible elements. Prevent a build-up 
ment and allows a movement of fill in of force at the abutment backwall. 
the embankment 

Embankment settlements are greater than The difference in settlements between Provide, and maintain approach slabs. 
settlement of abutments, but both local embankments and abutments can be 
and global mechanisms are observed. mitigated. 

Provide periodic mudjacking to align approaches and - bridge decks. 
Provide for the adjustment of the elevation of the end of 
the bridge deck, in addition to repairs or adjustment of 
the approach pavement. 

Embankments and approaches are per- Some bridges are affected by pavement Provide for adjustment and maintenance. The occurrence 
forming well at most bridges. Pavement faulting while others of nearly identical of faults at individual sites is not predictable. It is how-
faults, where they exist, are the result of construction are not affected. eVer unavoidable. 
unavoidable randomness in settlements. 

fable 1-1 Mechanisms, Observations, and Mitigation of Pavement Faults 
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DESIGN TO PREVENT PAVEMENT FAULTS 
An engineering practice for the mitigation of pavement faults introduces a new limit state that 
engineers will apply to the design of bridges and approaches. In addition to the existing con­
cerns for adequate strength and for a tolerable limit on settlements, an engineering practice for 
faults seeks to enforce a limit on the difference in total settlements of approaches and abutments. 
This limit can be stated as 

Fault ~ Limit 

Fault =ISAbut . SEmbi 
Eq.l-l 

where Fault is the difference in settlements, Limit is the maximum tolerable difference in settle­
ment for a structure or a roadway, S Abut is the total settlement of the abutment and SEmb is the 
total settlement of the embankment in the vicinity of abutments. This limit is not identical to a 
requirement for zero or near-zero settlements of abutments and embankments, though such a 
requirement, if met, would prevent pavement faulting. The limit in Eq. 1-1 admits either zero 
settlements or non-zero settlements. It demands that for any value of settlement, embankments 
and abutments must settle the same amount within a Limit tolerance. 

Equality of settlements is not easily achieved and it appears that there is no standard engineer­
ing design practice that serves this criterion. Instead, engineers today seek to keep total settle­
ments below an upper bound. If a foundation performs 'better', that is if it exhibits less settle­
ment than the maximum computed in the design, this is rarely considered to be a problem. 
Where similar settlements of separate foundations must be achieved, the usual strategy is to 
seek similarly in the conditions of foundations. In difficult soil conditions, an equality of settle­
ments is achieved principally through construction-time or in-service adjustments of the struc­
ture. This includes preloading and/or the design of joints and expansion locations, and/or 
provision of jacking, shinuning and other adjustments of structures. 

The creation of designs for embankments and bridges that are not susceptible to pavement 
faulting must follow one of two strategies. One strategy seeks zero or near-zero settlements in 
both approaches and abutments. For abutments, this is probably achieved if deep foundations 
are used. For embankments, a criterion of zero settlements is met using some form of im-
provement for soils. . 

The second strategy allows settlements, but tries to ensure equality of settlements for abutments 
and embankments. Here, there are two ways to proceed. If the settlements of the embankment 
and the. abutment are independent, then the engineer must select designs for both that yield 
equal settlements. A simpler, and more accessible, strategy is to seek a link in the total settle­
ments of embankments and abutments. In this way the total settlements are not known explic­
itly but bounds on settlement are maintained, and settlement values are equal. For this reason, 
the use of footings for abutments, sometimes bearing on compacted embankment fill, is pro­
posed as a remedy for pavement faulting. 

THE SYNTHESIS ON PAVEMENT FAULTS 
To prevent pavement faults, there is a need for methods of analysis of pavement faulting, for the 
assessment of the performance of soil improvements, for selection of foundation designs that 
avoid pavement faults, and for a decision process to select strategies to control faulting. The 
development of the practice must continually measure its success in terms of the ability to pre­
dict and to avoid pavement faults at bridges in service. 

This synthesis gathers information on the occurrence pavement faults and on the methods that 
are recommended for the mitigation of faults, undertakes a first assessment of the analytical 
tools for the prediction of settlements, examines new methods for the prediction of differential 
settlements, and begins a reassessment of tolerable settlements of structures. In all aspects, this 
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synthesis has sought to collect the tools needed for an engineering practice in mitigation of 
pavement faults. 

Specific questions / concerns addressed in the synthesis include: 

THE SEVERITY OF TIlE PROBLEM OF PAVEMENT FAULTING MUST BE IDENTIFIED. 

Faulting and other settlement-related problems do not affect all bridges. A first step in the 
study is the collection of information on the prevalence of faults. To evaluation prevalence, this 
synthesis includes a review of earlier studies on settlement problems at bridges. 

THE CAUSES OF PAVEMENT FAULTING MUST BE KNOWN. 

Often, proposed methods for mitigation of pavement faults follow directly from assumptions 
about causes. The mitigations would work if assumptions about causes were correct. Indeed, 
the failure to achieve generally effective mitigation of pavement faults can be attributed to incor­
rect identification of causes. This synthesis examines data on settlements to see if mechanisms of 
faulting can be identified on the basis of the performance of abutments and embankments. 

MEtHODS OF ANALYSIS OF lHE POTENTIAL FOR PAVEMENT FAULTING AT INDIVIDUAL PROJECTS ARE 

NEEDED. 

Uke any engineering design, the design for mitigation of pavement faults relies on an ability to 
analyze needs at individual projects for the control of faulting. This is in large part an analysis 
of expected settlements, and the prediction of expected differential settlements. In this synthesis 
two tasks are undertaken. First, the accuracy of methods for prediction of total settlements is 
assessed. Settlement computations are a fundamental building block of an engineering practice 
in mitigation of faults. 

Second, the prediction of differential settlements is reviewed. Beyond rule-of-thumb estimates, 
there are no common methods for the prediction of differential settlements among similar foun­
dations in similar soils. This synthesis develops and demonstrates a method for the prediction 
of differential settlements among similar foundations. This method uses variability in total set­
tlements to predict the occurrence and the magnitude of differential settlements. This .predic­
tion is critical to the analysis of pavement faulting. 

The study of differential settlements is taken a step further into a consideration of spatial corre­
lation in settlements. The recognition of correlation in space provides for better estimates of dif­
ferential settlements and spatial correlation has an important role in the assessment of the toler­
ance of structures for settlements. 

MEtHODS FOR MITIGATION OF PAVEMENT FAULTS MUST BE APPROPRIATE TO CAUSES. 

The mitigation of pavement faults, and in particular the attempt to alter the practice of con­
struction of bridges will be effective only if they address the correct causes of pavement faulting. 
Methods that have been recommended for the mitigation of pavement faults are reviewed, and 
their ability to remedy pavement faulting is discussed along with their relation to mechanisms 
of the causes of pavement faults. 

THE PERFORMANCE OF MI11GATIONS MUST BE KNOWN. 

The mitigation of pavement faults will exist in the context of a process for the selection and de­
sign of methods for mitigation. Such a practice is supported by information on the use, design 
and performance of mitigations. Methods that have been recommended must be supported by 
methods for their analysis. 
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MmGATIONS MUST BE COMPATIBLE WITII STRUCTIJRES. 

For mitigations that rely on increased settlements of abutments, bridges must be able to tolerate 
increased settlements. This synthesis reviews tolerable settlement criteria for bridges. 

The mitigation of pavement faults may include the use of shallow foundations for bridge abut­
ments, or the use of details that allow for the adjustment of the elevation of bridge decks to meet 
settlements of approach pavements. The tolerance of bridges for such adjustments limits the 
possible use of these mitigations. In this synthesis, the criteria for tolerable settlements of bridge 
beams are reviewed, and new criteria for the tolerable settlement of compact steel I-beams are 
proposed. These new criteria are adaptations of autos tress design procedures. 

OCCURRENCE OF PAVEMENT FAULTS 
Information on the occurrence of pavement faults is found in studies of bridge settlements and 
of performance of approach pavements. Many studies deal with the development or demon­
stration of particular methods for the improvement of soils. Too often, individual studies of 
settlement problems in approaches deal with only a few bridges, and therefore it is not possible 
to extract a picture of the prevalence of pavement faults, or the prevalence of a particular 
mechanism of faulting. 

Three studies however that did gather data for populations of bridges. These studies give an 
idea of the prevalence of pavement faults, and two of the studies have attempted to measure the 
magnitude of unevenness in approaches. These three studies are listed in Table 1-2. 

Stewart [1985) is one of the few authors to measure approach pavement distress. He found that 
59% of 820 bridge approaches in California needed repair. James ret aL 1991) used a method to 
calculate the average magnitude of pavement faults but did not document the prevalence of in­
tolerable faults. Moulton ret aL 1985) and Laguros [1989) measured settlements at the bridge­
approach interface, but did not explicitly measure faults. In Moulton's study, 439 out of 580 
abutments supporting bridges throughout the US experienced movement. Of 758 bridges in 
Oklahoma, 83% of the approaches have experienced settlement [Laguros 1989). 

The literature offers fewer than 1000 bridge approaches where settlements were measured. 
Among these, more than half exhibited faults. If these bridges are representative of the larger 
population of bridges, then possibly half of all bridges might be affected by settlement problems 
that can include pavement faults. There are several cautions in the extrapolation of these data. 
Few approaches have been studied, and these may all be 'problem' bridges and not representa­
tive of bridges in generaL Stewart [1985) studied the need for repairs in bridge approaches. Dis­
tress in approaches is nearly always related to settlements, but these settlements may not be at 
the abutment so they are not all pavement faults of the sort being examined in this synthesis. 
Second, the study by James [1991) was based on rideability and may include pavement distress 
other than faults. 
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Soutte Criteria No. of No. Deficient 
Bridges 

Stewart 1985 Measured fault. 820 59"10 of all bridge approaches had or were in 
Maintenance need. need of repair 

74% of asphalt approaches had or were in 
need of repair 

43% of concrete approaches had or were in 
need of repair 

James 1991 Ride (fault) meter 165 Bumps rated by driver from 0 (no bump) to 5 
(loss of control) 

Average rating = 1.2, standard deviation = 0.7 
One observer (83 bridges) had no ratings over 

2 
Laguros Settlement of ap- 758 83% of approaches settled (not necessarily 
1989 proach causing a bump) 

19uestionnaire) 

Table 1-2 Studies of Prevalence of Approach Settlement 

CAUSES OF PAVEMENT FAULTS 
The causes of settlements of approaches named in studies include consolidation in fills or fill 
foundations, erosion due to drainage through fills, movement of fills (slumping), movement of 
abutments, movement (growth) of approach pavements with a resulting movement or loss of fill 
in the embankment. Several notable studies of cause approach settlement are listed in Table 

The causes of settlement listed in Table 1-3 can be grouped into the global and local mechanisms 
introduced earlier. Settlements of fills and fill foundations, and sliding or instability of fills are 
global. The perfonnance of embankments may be adequate, even good, but larger embankment 
settlements compared abutment settlements result in pavement faults . Erosion, abutment 
movement with associated loss of fill, and pavement growth leading to loss of fill are all local 
mechanisms. The loss of fill in a relatively contained region of the embankment produces a de­
pression in flexible pavements and cracking in rigid pavements. Problems resulting from poor 
compaction of fills can be global or local depending on the project. Most often, however poor 
compaction is related to difficult access at abutment backwalls. This makes it a local mechanism 
problem. 

The finding here is that a single mechanism is not apparent in the studies of settlement-related 
problems in bridges and approaches. Causes identified for individual bridges include both 
global and local mechanisms. The local mechanism is often related to drainage and erosion of 
fills. But drainage may be an occurrence that is the result of some first cause such as abutment 
movement or pavement growth. In addition, drainage may cause severe local erosion of em­
bankm·.;!nts if it is allowed to start at all. This means that a mechanism of moderate (and toler­
able) global settlement in the embankment might open one or more joints in the approach 
pavement, and these areas are then undermined by erosion. This situation is a global (primary) 
mechanism in which the severe effects were produced by local erosion. 
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Source Bridges Causes of Settlement Notes 
Ardani, 10 Consolidation in fill and fill foun- Causes deduced from the 
1987 dation. Poor compaction and construction and observed 

drainage in fill. Erosion of slope. drainage paths. 
Meade & 6 Embankment subsidence due to Embankments noted as 
Allen, 1989 poor compaction, steep slopes, era- having thick lifts (2'-3') and 

sion, and secondary consolidation. poor compaction settled 
much more than those with 
l' lifts and good compac-
tion. 80% or more of em-
bankment settlement oc-
curred before approach 
pavement was laid. 

Kramer & 9 Primary and secondary consolida- The bridge-approach inter-
Sajer, 1991 tion and creep of embankment face was excavated and 

foundation soils. checked for voids and ir-
Subsidence of embankment fills regularities. Construction 
due to creep, frost, erosion, and records were reviewed. 
truck traffic. Failure of expansion 
joints and movement of abutments. 

James et al. 7 Longitudinal growth of pavement. Approach pavement cores 
1991 Water infiltration into embank- taken to determine growth 

ment fills. of pavement due to chemical 
reactions. Heavy traffic ar-
eas investigated. 

Moulton, 204 Movement of abutments due to Data from questionnaire 
1986 poor pile foundations . Inadequate analyzed for correlations. 

lateral resistance movement of ap- Causes compiled from ques-
proach embankment due to con- tionnaire responses. 
solidation of foundation soils. Set-
tlement of fill Sliding (due to 
slope or foundation instability). 

Wahls, - Consolidation of fill and fill foun- Synthesis of literature. 
1990 dation. Poor compaction and/ or 

drainage erosion. 
Hopkins & 6 Primary consolidation of embank- Long-term monitoring 
Deen, 1970 ment foundation. Secondary com- (8 - 14 years). 

pression and shear strain of fill 
foundation. Improper compaction 
of embankment fill. Loss of mate-
rial from and around abutment. 
Lateral and vertical deformation of 
abutment. 

Emmanuel - Abutment movement due to From literature 
1978 growth of approach slab and set-

tlement of fill 
McNulty 1 Embankment movement due to Fixed by replacement of fill 
1979 erosion. with lightweight fill 

Table 1-3 Studies of Causes of Approach Settlement 
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Mechanism Named Cause 

Global Settlement / consolidation in fill. 
Settlement / consolidation in fill founda-
tion. 
Sliding / instability of embankment. 

Local Erosion. 
Abutment movement (tilt). 
Growth of pavement. 

Table 1-4 Mechanism and Causes of Pavement Faults 

MmGATION OF PAVEMENT FAULTS 
Pavement faults are mitigated if differences in total settlements of abutments and approaches 
are reduced. Total settlements of fills and fill foundations may be reduced by soil improvement 
by any of several methods. Settlements of abutments may be made to match settlements more 
closely of embankments by use shallow foundations. Erosion may be reduced by use of highly 
competent fills such as thin grouts and flowable cementitious fills. Yet another type of mitiga­
tion is an attempt to bridge differences in settlements with approach slabs. 

This synthesis forms a guide to the literature for a range of methods that may be useful for the 
reduction of pavement faults at abutments. These methods can be grouped as follows: 

L Quality assurance I quality control during construction. 
Mitigation by QA/QC follows from the belief that pavement faults are the result of poor 
materials or workmanship. Mitigation measures include: 

A. Adequate compaction, especially at backwalls and wingwalls of abutments. 

B. Adequate inspection and control of fill materials and compaction operations. 

II. Consolidation andlor compaction of fill foundations. 
These methods improve the soils underlying the embankment without the use of me­
chanical or chemical inclusions. These mitigations are based on the belief that inade­
quate fill foundations cause pavement faults. Under this heading methods such as 

A. Preloading. 

B. Sand drains, wick drains. 

C. Vibrocompaction, dynamic compaction. 

III. Chemical improvement of fills andlor fill foundations. 
These methods are similar in effect to methods for consolidation and compaction. Here 
grouts, or lime additions cement the soil together to reduce settlements. Chemical im­
provements include: 

A. Flow Fill. 

a. Soil Mixed Wall, Deep Soil Mixing. 

C. Grouting and lime additions. 

IV. Mechanical improvements of fills andlor fill foundations. 
These methods reinforce fills or fill foundations with metal, polymeric or natural fiber 
inclusions, or with the installation of a grid of columns that may be steel piles, sand col­
umns, or stone columns. Inclusions may be horizontal layers, or random inclusions. 
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Columns are vertical and are often designed to carry loads through a compressible layer 
to a more competent soil layer at depth. 

A. Mechanically stabilized fills (by any of the methods of metal grids, metal strips, 
geotextiles, geogrids, etc.). 

B. Piles, micropiles, and soil nails, often applied to a fill foundation. 

C. Sand columns, Stone columns, in fills or fill foundations. 

V. Shallow foundations for bridge abutments. 
If abutments are supported on footings that bear on embankment fills, then there will be 
similar settlements of approaches and bridge decks, and no faults will occur. 

VI. Maintenance, especially maintenance joints in pavements. 
Pavement faults may be results from erosion of fills at abutments due to failed pave­

. ment joints. Aggressive maintenance joints could prevent pavement faults. 

VII. Adjust of pavement elevations in service. 
Pavement faults may be due to random differences in settlements of some abutments 
and some embankments. For random settlements, the remedy is an ability to adjust 
elevations of pavements after faults occur. Adjustments include: 

A. Mudjacking for approach slabs. 

B. Adjust of bridge bearings to change elevation of bridge decks. 

Soil improvements to reduce pavement faults at abutments are useful if the faulting is the result 
of the global mechanism. Moreover, soil improvements applied to fills and fill foundations are 
effective only where the embankment settlements are greater than the settlements of abutments. 
Where the local mechanism is the cause, many of the soil improvements are not appropriate. 

Section 3 of this synthesis reviews methods for soil improvement. The presentation consists of 
two parts. The first identifies the methods of soil improvement. The second lists literature 
sources, use of methods, and performance of methods. 

OBSERVED SETTLEMENTS OF BRIDGES AND EMBANKMENTS 
Total settlements of bridges and approaches, and the differences in settlements of bridges and 
approaches are the source of faults in pavements. It should be possible then to discern the oc­
currence of pavement faults, the magnitude of faults, and the evidence for causes of faults in 
terms of different total settlements of approaches and bridges 

This synthesis gathers from the literature data on settlements and differences in settlements of 
bridges and approaches. From these sources it should be possible to discern the occurrence and 
magnitude of faults. In addition, it should be possible to compare the performance of bridge 
substructures c •. , shallow foundations and on deep foundations. This comparison is a first as­
sessment of the potential for the use of abutments supported on spread footings as a means of 
mitigating pavement faults. 

This synthesis has collected more than 350 data points on settlements of bridges, and 50 points 
on settlements of embankments. The remaining data points are obtained from building founda­
tions and from foundations for industrial applications including tanks. Data on settlements are 
used to determine mean values of settlements, to compare settlements for different foundation 
types and different soil conditions, to compute basic statistics for settlements, to examine differ­
ential settlements and to examine the relation of differential settlements to total settlements. 

In section 4 of this synthesis, data on total settlements are presented. The synthesis has exam­
ined the data, has examined the settlement of deep foundations compared to shallow founda­
tions, and abutments compared to piers. The synthesis goes on to consider settlements of em-
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bankments, examines settlements a function of the height of embankments, and for a few em­
bankments, has been separated total settlements from settlements after bridge decks were com­
pleted. Settlement data, and the subsets of settlement data are detailed in section 4. 

Nearly 60% of the settlements of bridge substructures are less than 1 inch. Higher values of set­
tlement occur less frequently. Even the population of settlements between 1 inch and 2 inches is 
roughly one sixth of the population of settlements below 1 inch. 

The data in Table 1-5 are a summary of total settlements. These data are a small set, and the data 
may be biased in the sense that the projects that have merited a report are inherently atypical. 
But given these data, there are several things to note. Bridge substructures supported on foot­
ings settle somewhat more than bridge substructures supported on deep foundations. The me­
dian settlements of approach embankments less than 30 feet in height is 1.6 inches, and the me­
dian settlement of abutments is 1.2 inches. The difference 0.4 inches is the magnitude of pave­
ment faulting that can be supported on the basis of reported data on total settlements. 

Foundation Type Mean Median Standard 
Settlement Settlement Deviation 

I!. in m,in <J', in 
Footings on Cohesion/ess Soil 1.5 0.6 2.2 
Footings on Cohesive Soil 12.2 2.3 13.2 
Single Piles and Pile Groups 3.2 1.0 6.2 

g m a 
All Abutments 2.1 1.2 2.5 
Abutments on Piles 2.0 0.8 2.6 
Abutments on Footings 2.1 1.3 2.5 
All Piers 3.2 1.2 3.3 
Piers on Piles 2.7 1.2 2.9 
Piers on Footings 3.5 1.7 3.4 

,(tolan g m l! 
All Embankments 23.9 15.4 29.0 
Highway and Approach Embankments 23.3 7.1 31.8 
Approach Fills less than 30 feet high 4.4 2.5 6.3 
Approach Fills greater than 30 feet high 14.2 16.3 8.9 

g m CJ 

All Embankments 3.4 2.5 5.1 
Highway and Approach Embankments 3.4 2.5 5.1 
Approach Fills less than 30 feet high 3.4 1.6 6.5 
Approach Fills greater than 30 feet high 4.0 3.6 3.2 

Table 1-5 Summary of Data on Total Settlements 

In section 4, the summary of settlements prepared in this synthesis is compared to the summary 
in Moulton let al. 1985). The comparison reveals a pitfall in the use of the small data set of total 
settlements. In this synthesis, extreme values of settlement are not included in the computation 
of mean values of total settlement. In Moulton, it appears that extreme values were included. 
The effect in the two summaries is to reverse some of the apparent trends in the data. F<)r ex­
ample, this synthesis finds that abutments on shallow foundations have a mean value of settle­
ments that slightly greater than abutment on deep foundations. Both mean values are around 2 
inches. Moulton's summary indicates that abutments on deep foundations settle more than 



14 University of Colorado at Boulder 

abutments on shallow foundations and that both settle nearly 4 inches in the mean. This indi­
cates that the set of data is so sparse that it does not support conclusions on cause of faults. 

The findings of this synthesis concerning observed settlements are: 

• Data may include a disproportionate representation of bridges with settlement problems. 
This increases all mean and median values of settlement, and limits the usefulness of the 
data. 

• Comparisons of settlement data from bridge abutments and from embankments should be 
made using median values of settlement to minimize the distortion in mean values due to a 
few large settlements. 

• There is a difference of 0.4 inches in the median settlements of embankments and abut­
ments. The embankment settlement is greater than the abutment settlement. 

• The review of settlements provided by this synthesis uses data that is representative of data 
used in other, earlier summaries of bridge settlements. 

• There is a need to carefully sift the data before averaging, and before seeking conclusions. 
Overall, these data are sparse. Apparent trends in the data must be used with caution. 

PREDICTIONS OF TOTAL SETTLEMENTS 
A concern closely related to observed settlements of bridges and embankments is the accuracy 
of predictions of total settlement. Predictions of total settlements are needed both to determine 
the potential for pavement faults at individual bridges and to assess the effectiveness of mitiga­
tions that might be employed. A basic computation in pavement faults is the comparison of ex­
pected values of total settlement of embankments and abutments. H these values are different, 
then a fault is possible. But if the settlement predictions themselves are not accurate, then the 
potential for faults can not be evaluated in advance, and the effectiveness of mitigations can not 
be determined. 

This synthesis undertook an examination of the accuracy of predictions of total settlements. 
There are many studies available that have proposed methods of computation of settlements 
and have used data from laboratory experiments or from constructed projects to make compari­
sons of observations with predictions. This synthesis compiles the results of these studies. More 
than 1500 comparisons of predicted and observed settlements have been collected. The majority 
of the comparisons are for settlements of footings. 

The accuracy of predictions of settlements is examined by forming the ratio of predicted settle­
ment S PTe over observed settlement SObs 

Rp = Spre 
SObs 

Eq.1-2 

For this ratio, a value of 1.0 indicates that the prediction matched the observation. Values 
greater than 1.0 indicate that predictions are larger than observations. Settlement ratios are ex­
amined for many methods of prediction and for many categories of foundation type and soil 
type. It is found that all methods of prediction have similar performance. Methods are gener­
ally conservative though some individual results may be unconservative. In the mean, pre­
dicted settlements are more than 150% of observed settlements, and there is a substantial scatter 
in results. Settlement ratios are summarized in Table 1-6. The range and scatter of settlement 
ratios are shown in Figure 1-2 and Figure 1-3. 

It is clear that the computations are successful in making conservative estimates of settlements 
in most cases. But conservative estimates, though useful as limits in design of structures, are 
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not useful in the prediction of pavement faults. For faults, it is necessary to be accurate. The 
general finding here is that the ability to predict settlements in the course of normal design 
process is not sufficiently accurate for the assessment and mitigation of pavement faults. 

Section 5 of this synthesis provides detail on the sources that are used to compute settlement ra­
tios, detail on the individual methods, and a set of figures that examine subsets of the data. The 
examination of subsets seeks a correlation of settlement ratios with foundation type or soil type. 
There is no clear correlation with types of foundations or soils. There is a strong correlation be­
tween the scatter in settlement ratios and the number of comparisons. A greater number of 
comparisons is always associated with a greater scatter in settlement ratios. Methods that ap­
pear to give relatively narrow ranges of settlement ratios are those methods that have been 
compared with relatively few observations. 

Data Rp RpMe- Rp 
Category Source I Method Points Mean dian COY 

AU sources All 1522 l.64 1.20 0.83 
Overall Observational 23 0.91 0.85 0.45 
method Strain factor 144 1.36 1.12 0.54 

perfonnance Compressibility coefficient 152 1.65 1.42 0.75 
Elasticity 440 1.28 1.05 0.72 

Empirical' 478 1.24 1.09 0.58 
764 1.92 1.36 0.84 

~eis, 1979 10 1.65 1.59 0.36 
footings D' Appolonia, 1971 11 1.20 1.03 0.35 I 

Parry, 1977 13 0.88 0.85 0.37 I 
Schmertmann, 1986 16 0.97 1.13 0.32 ! 

. Skempton-Bjerrum, 1952 17 1.18 1.10 0.22 I 

Hough,1959 20 1.78 1.85 0.35 
Asaoka,1978 23 0.91 0.85 0.44 

Peck &: Bazaraa, 1969 30 0.73 0.64 0.56 
Menard, 1975 31 1.07 1.03 0.38 

Wahls-Gupta, 1994 31 1.13 0.98 0.53 
Bowles, 1987 48 2.25 2.28 0.44 

Srhultze &< Sherif, 1973 S6 0.97 0.97 0.33 
Papadopoulos, 1992 61 1.08 0.99 0.32 

Meyerhof, 1965 74 1.52 1.50 0.32 
Srhmerbnann. 1970 113 1.43 1.18 0.53 

Alpan, 1964 118 3.44 3.02 0.44 
Berardi &:: Lancellotta, 1994 125 1.06 0.83 0.76 

Buismann-DeBeer, 1957 132 1.63 1.32 0.80 
D' Appolonia, 1970 135 1.28 1.05 0.87 

Burland at 1985 145 1.45 1.24 0.63 
i &< P';;~ 1948 168 2.77 2.43 0.66 

Elasticity D' Appolonia, 1971 11 1.20 1.03 0.35 
methods for Skempton-Bjerrum, 1952 17 1.18 1.10 0.22 

footings Bowles,1987 48 2.25 2.28 0.44 
Papadopoulos, 1992 61 1.08 0.99 0.32 

Berardi &: Lancellotta, 1994 125 1.06 0.83 0.76 
.1970 135 1.28 1.05 0.87 

Oweis,1979 10 1.65 1.59 0.36 
methods for Parry, 1977 13 0.88 0.85 0.37 

footings Schmertmann, 1986 16 0.97 1.13 0.32 
Peck &< Bazar .. , 1969 30 0.73 0.64 0.56 

Menard,1975 31 1.07 1.03 0.38 
Srhultze &< Sherif, 1973 56 0.97 0.97 0.33 

Meyerhof, 1965 74 1.52 1.50 0.59 
Alpan,l964 118 3.44 3.02 0.44 

Burland &: Burbidge, 1985 145 1.45 1.24 0.63 
Terzaghi &< Peck, 1948 168 2.77 2.43 0.66 

, without Alpan and Terzaghi & Peck source data 
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Da .. Rp 
Category SOUIU I Method Points Mean 

Method. for Meyerhof, 1976u
, 15 1.51 

piles Meyerho!. 1976~ 16 1.21 
Yamashita, 1987 22 1.37 

Bazaraa &: Kurkur, 1986 72 1.01 

Table 1·6 Summary of Settlement Ratios 

CPT Uses CPT data 

SPT Uses SPT data 

RpMe. Rp 

dim COY 
1.58 0.32 
1.08 0.30 
1.29 0.36 
1.00 0.34 
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Figure 1-2 Performance of Settlement Prediction - All Methods 
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Figure 1-3 Performance of All Settlement Predictions 
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DIFFERENTIAL SETILEMENTS 
Section 6 of the synthesis examines differential settlements of bridge foundations. Differential 
settlement, specifically differences in total settlements between abutments and approaches cause 
pavement faults. Differential settlements, their occurrence and magnitude, and the ability to 
predict differential settlements are central to the study of pavement faults. However data in this 
area are limited. There are some data on differential settlements of discrete foundations, but lit­
tle information on differences in settlement between approaches and abutments. Methods to 
predict differential settlements are also lacking. Often, differential settlements are estimated as 
a fraction of total settlements. One common rule-of-thumb estimates differential settlements as 
50% of total settlement among similar foundations, and 75% of total settlements for dissimilar 
foundations. 

This synthesis compiles data on total settlements from thirty-three bridges and two building 
projects, and uses these data to compute differential settlements. The bridges are from projects 
in North America and from Europe. Most are moderate span bridges, but two long span 
bridges are included. The settlements are all final or near-final settlements. For each project, 
differential settlements are computed, and mean values and standard deviations of total settle­
ments are computed. 

This synthesis examines the correlation of differential settlements with standard deviations and 
coefficients of variation (COV) in total settlements. This is an application of the simple idea that 
differential settlements result from variability in total settlements. A strong correlation is found. 
Normalized differential settlements can be related to COY of total settlements as follows. 

where 

J.lD = 
~ = 

N~ = 
COVS = 

~D 
N~=­

~s 

~s COVS =-as 
N~ = -{).o3+ l19COVS 

Mean value of differential settlement. 

Mean value of total settlement. 

Normalized differential settlement. 

Coefficient of variation of total settlement. 

Eq.1-3 

The relation is plotted in Figure 1-4. Notice that differential settlements are a function of only 
the variance in total settlements. The zero intercept for the relation shows that as COV, ap­
proaches zero, differential settlements also approach zero. This finding has two important im­
plications. First, differential settlements are reduced if the variability in total settlement is re­
duced. An attempt to mitigate pavement faults, a differential settlement problem, should ad­
dress variability in settlements as directly as it addresses magnitude of settlements. Soil im­
provements, in particular, may be more valuable for their ability introduce uniformity in settle­
ments rather than for their ability to reduce total settlements. 

Second, the variability in total settlements indicates that differences in settlement are expected 
to occur even when the mean values of total settlement are equal for different foundations. This 
has a direct importance for the mitigation of pavement faults. If bridge abutments and bridge 
approaches are designed to have equal settlements in the mean, then the difference in settle­
ments could easily be 0.5 inches to 1.0 inches for the magnitude and COY of total settlements 
observed in the data. An equality of mean value of settlements does not ensure the absence of 
differential settlements and may not be effective in the mitigation of pavement faults. 
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SPATIAL CORRELATION IN SEITLEMENTS 
Data on differential settlements of bridge foundations are also used in this synthesis to examine 
the correlation in space of total settlements. While foundations can each settle different amounts 
despite a similarity of soil conditions, it is likely that foundations· near each other will have 
similar settlements. The mean value of difference in total settlements can exhibit a dependence 
on the distance that separates foundations. The idea of a correlation of soil properties in space is 
not new. Previous work has demonstrated a correlation of standard penetration values, and of 
elastic modulus. Settlements depend on soil properties, and it is not surprising that settlements 
can be correlated in space. 

The data on differential settlements for a bridge are used to examine spatial correlation. The 
dependence of differential settlements on distance between foundations is examined first in 
Figure 1-5. Differential settlements are grouped according to the distance between foundations. 
There is a general, though scattered trend of increasing difference in settlement with increasing 
distance. Given this trend, empirical correlation functions are fit to the data. For this same 
bridge, the resulting autocorrelation fits are shown in Figure 1-6. The four functions are similar 
to functions for correlation of soil properties that have been used in previous studies. Their 
forms all include exponential decay terms that reflect the expected loss of correlation of settle­
ments as the distance separating foundations becomes large. Correlation functions for other 
projects are shown in section 6. 
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PREDICTING DIFFERENTIAL SElTLEMENTS 
The spatial correlation of total settlements affects the expected value of differential settlements. 
Given the relation between differential settlement and COY of total settlements, it Can be shown 
that the expected values of differential settlements E[ 1 D I] in the absence of spatial correlation is 

D = Si-S; 

E[ID I] = 1.13 a, 
Eq.l-4 

where Si and Sj are the values of total settlement at foundations i and j. If total settlements are 

correlated in space, then differential settlements among many foundations will be less than 
1.13a" and this large value of differential settlement will be approached only for foundations 
that are well separated. When spatial correlation exists, differential settlements may be esti­
mated as 

E[D2(t)] = *1)(~)-5(~H)lJ 
= 2as2(1-p(t») 

= 2as2 (1 _ e -(tiP)' ) 

~~D2(t)J = 2as2 (1-e-(t/P)') 
Eq.1-5 

where 

t = Distance between foundations. 
P = Characteristic distance that depends on the significance of the spatial cor-

relation. 

As the distance, t, between foundations decreases the expected value of differential settlements 
is smaller. As t increases, expected value of differential settlements approaches a constant. Dis­
tances are 'long' or 'short' in relation to length P that is characteristic of the spatial correlation at 
a site. 

Spatial correlation of settlements and the resulting decrease in differential settlements for nearby 
foundations contribute to the identification of limits on settlements to protect structures. 
Bridges offer a limited tolerance for differential settlements. This tolerance is translated into 
project-level limits on total settlements using relations between total and differential settlements. 
At present, these relations may be as simple as the 50% rule-of-thumb. A better relation recog­
nizes the deper;"1ence of differential settlements on variability in total settlements. In this way a 
more representative, and potentially more workable limit on total settlements is obtained. An 
even better approach recognizes spatial correlation of total settlements to compute limits on to­
tal settlement that are a function of variability in settlements and of span lengths. 

TOLERABLE SETILEMENTS OF BRIDGE BEAMS 
Pavement faults will be reduced if there is the possibility to allow some settlement of bridge 
beams at abutments. In-service correction of pavement faults might be achieved partly by jack­
ing of approach slabs or by adjustment of the elevation of bridge beams. Mitigation of this sort 
is limited by the tolerance of bridge beams for settlement. 

The tolerance of bridge beams has been studied on the basis of performance of bridges, and it is 
performance only that is the basis of the commonly used limits on structural settlements (Table 
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1-7). An elastic analysis of stresses that result from settlements leads to much lower limits on 
tolerable settlements [Mouton et at 1985]. The results of elastic analysis do not agree with the 
performance of real bridges. 

Angular Distortion all 
CategolY Observed Mean Observed Mean Proposed 

Tolerable Intolerable Limit 
All Bridges 0.0025 0.0161 
Simple Bridges 0.0031 0.0241 0.005 
Continuous Bridges 0.0022 0.0129 0.004 
Concrete Bridges 0.0024 0.0232 
Steel Bridges 0.0026 0.0138 

Table 1-7 Field Data from Moulton let al. 1985) 

Real bridges are able to respond to settlements with inelastic deformations. It is apparently this 
potential for inelastic response that accounts for the difference between elastic stress analysis 
and observed bridge performance. Moulton was aware of this, and his study included creep ef­
fects in prestressed concrete beams to show that creep could increase the tolerance for differen­
tial settlement by as much as 300% compared to elastic analysis. For steel beams, Moulton did 
not propose an inelastic analysis. 1his synthesis performs a first examination of the role of ine­
lastic response for steel bridge beams and the potential for the creation of a design basis that re­
lates tolerance for settlement to the capacity for inelastic deformation. 

Inelastic response in steel beams is available as a plastic rotation capacity. AASHTO recognizes 
the use of plastic rotation capacity in the design of braced, compact continuous steel beams. 
1his synthesis proposes a method of design that uses compact steel beams, selects these beams 
to carlY all loads and overloads elastically, and uses the plastic rotation capacity of to accom­
modate differential settlements. In this approach, it is necessalY to identify an analysis of the 
plastic rotation capacity of compact steel beams and to select an appropriate upper bound on 
plastic rotations. 

1his synthesis examined several proposed models for predicting the inelastic rotation capacity 
of steel beams. This synthesis also accumulated a database of tests of steel beams for plastic ro­
tation capacity. These data are used to check the models. There are good sets of data available 
both from tests in the 1970s and 1980s conducted as a part of the development of autostress de­
sign methods for bridges, and tests in the 1950s and 1960s conducted for investigations of plastic 
design methods for steel frames. 

The model proposed by I<emp and Dekker [1991) offers a generally accurate and often conser­
vative estimate of the ultimate rotation capacity of steel beams. Since the model estimates ulti­
mate rotation, a lesser tolerable rotation capacity must be identified. In some of the tests of steel 
beams, it is possible to identify the onset of local flange buckling. For compact flanges, local 
buckling occurs at a rotation that is at least 20% of the ultimate rotation capacity, if it occurs at 
all. In addition, the value of 20% of the ultimate rotation capacity corresponds to a moment 
value that is significantly below the peak moment. The use of a design limit on plastic rotations 
equal to 20% of the ultimate rotation capacity is proposed. 

Section 7 of this synthesis reviews the limits on tolerable settlements for highway bridges, exam­
ines inelastic rotation capacity for compact steel bridge beams and develops a simple example of 
the application of plastic rotation capacity to the design of bridge beam for settlement. It is 
found that compact steel bridge beams can have a tolerance for differential settlements that is 
easily 400% greater than the current accepted limit. 
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FINDINGS 
Findings of the synthesis may be summarized as follows: 

• Causes of pavement faults can be grouped under two mechanisms: A global mechanism and 
a local mechanism. The global mechanism is consistent with the idea that embankments 
settle more than abutments that are supported by deep foundations. The local mechanism is 
consistent with the idea that local erosion or movement of embankment fills results in 
pavement faults. 

• The global mechanism can be mitigated by the use of soil improvements or by the use of 
spread footings to support bridge abutments. 

• The local mechanism can be mitigated by careful control of drainage, and by the use of 
chemically stabilized fi11s that are able to resist erosion and shifting. 

• An engineering practice of pavemBlt faults can be formed by the introduction of an addi­
tiorial limit state that examines the difference in settlements of embankments and abut­
ments. This practice requires adequate methods for the prediction of total settlements and 
differential settlements. 

• Methods for the prediction of total settlements yield conservative but scattered results. 
Comparisons of predicted settlements with observed settlements indicate that methods of 
predictions are not accurate. 

• A relation between differential settlement and variability in total settlements is demon­
strated, and could be developed into a tool for the prediction of differential settlements. 
There is also evidence that a spatial correlation of total settlements exists. 

• New, and more liberal limits for tolerable settle of bridges can be developed. This synthesis 
proposes an inelastic method for computing the tolerable settlement limits of compact steel 
bridge beams. Similar methods for other materials and for other bridge elements may be 
developed. 

• Pavement faults may occur even without the action of either of the two mechanisms. The 
inherent variability of settlements can cause differences in settlement among similar foun­
dations that have the same mean settlement. Variability in settlement would cause faults at 
some but not all bridges, even when the mean magnitudes of settlements of abutments and 
embankments are all within tolerable limits. 

• Pavement faults that are the result of variability in total settlements might be more easily 
corrected by the adjustment of bridges in service rather than by the use of soil improvement 
Or qt\1er mitigations in the original construction. 

RECOMMENDATION 
There is a need of more data on the performance of bridges in service to identify the causes of 
pavement faults. Previous studies involving a few bridges are too small to be representative of 
the performance of the larger population of bridges. A simple, basic survey of settlements at 
many thousands of bridges is needed to determine the causes of pavement faults. 

A field survey has been proposed, ands the Colorado DOT has rejected the idea. The proposed 
form for field data collection is shown on the next page. 



Pavement Faults 
BridgeID: 

Inspector: 

Date: 

Route 
Carried 

Route 
Under 

Other 
Under 

Time: 

No. of 
Lanes 

No. of 
Lanes 

Weather: 

UNIVERSITY OF COLORADO AT BOULDER 
COLORADO TRANSPORTATION INSTITUTE 

Roadway 
Class 

Vertical 
Oearance 

Vertical Clearance 

A8UTMENT TYPE A 8UTMENT MATERIA L A8UTMENT FOUNDATION 

[J Full height 
[JStub 
[J Spill through 
[J Piles and lagging 
[J Other 

[J FJyover 

[J Reinf. Concrete 
[J Steel 
[JTimber 
[JOther 

EM8ANKMENT TYPE 

[J Underpass 
... ~ : . 

ApPROACH PAVEMENT 

[J Reinf [J Asphalt [J Gravel [JUnknown [J Other 
Concrete 

BRIDGE DECK 

Deck Wearing Skew On Joint 
Material Surface 

[J Reinf. [J Concrete [JNone [JModuiar [JFinger 
Concrete [J Asphalt [JOn [JGland [J Plate 
[J P /S Concrete [J Timber Deg._ [J Compo Seal [JColdJt 
[J Steel [J Gravel [JOff [J Continuous 
[JTimber a None Deg._ Pavement 

[J Piles 
[J Deep Footing 
[J Footing on Fill 
[JOther 
[JUnknown 

Embankment Height &< length 

WEARING SURFACE 

[JNone [J Asphalt [J Other 

Off Joint Abutment 
Backwall 

[JModuiar [J Finger [J Exposed 
[J Gland [J Plate [J Under Deck 
[J Compo Seal [J ColdJt [JUnderApp 
[J Continuous [JUnknown 
Pavement 

BRIDGE DECK CONDITION 

Deck Surface 

[JGood 
a Cracks 
[J Spa11s in 
Wearing Surface 
[J Spa1ls in Deck 

Remarks: 

On Joint 

a Good 
[J Uneven, App ,J. 
[J Uneven, App i 
[J Cracked Pave. 
[J Spalled Pave. 

Off Joint 

a Good 
Mag. __ [J Uneven, App ,J. 
Mag. __ [J Uneven, App i 

a Cracked Pave. 
[J Spalled Pave. 

Abutment Backwall 

[JGood 
Mag. __ a Cracks 
Mag. __ a Spa1ls 

[J Chipped at Approach 
[J Chipped at Deck 

University of Colorado at Boulder 



ON ApPROACH PAVEMENT CONDITION 

Right Shoulder Right Lane(s) Left Lane(s) LeftShldr 

At Highway Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip 
Cl Craclcing, No Dip Cl Craclcing, No Dip Cl Craclcing, No Dip Cl Cracking, No Dip 
Cl Dips Cl Dips Cl Dips Cl Dips 

Middle Embankment Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip 
Cl Craclcing, No Dip Cl Cracking, No Dip Cl Craclcing, No Dip Cl Craclcing, No Dip 
Cl Dips Cl Dips Cl Dips Cl Dips 

At Abutment Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip 
Cl Cracking, No Dip Cl Craclcing, No Dip Cl Cracking, No Dip Cl Cracking, No Dip 
Cl Dips Cl Dips Cl Dips Cl Dips 

Remarks: 

OFF ApPROACH PAVEMENT CONDITION 

Right Shoulder Right Lane(s) Left Lane(s) LeftShldr 

At Highway Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip 
Cl Craclcing, No Dip Cl Craclcing, No Dip Cl Craclcing, No Dip Cl Craclcing, No Dip 
Cl Dips Cl Dips Cl Dips Cl Dips 

Middle Embankment Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip 
Cl Craclcing, No Dip Cl Craclcing, No Dip Cl Craclcing, No Dip Cl Craclcing, No Dip 
Cl Dips Cl Dips Cl Dips Cl Dips 

At Abutment Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip Cl Good, No Dip 
Cl Craclcing, No Dip Cl Cracking, No Dip Cl Cracking, No Dip Cl Craclcing, No Dip 
Cl Dips Cl Dips Cl Dips Cl Dips 

Remarks: 

Notes: 

University of Colorado at Boulder 
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Section 2 Occurrence of Pavements Faults. Reported Causes. 
Previous studies of pavement faults and of other settlement problems at bridges have attempted 
to name causes. These causes include consolidation within fills and fill foundations that may be 
due to poor construction, inadequate inspection and control during construction of fills, or poor. 
design of embankments that led to movement and slumping of fill. Causes also include local 
loss or disruption of embankment fills due to erosion. Erosion may be due to failure of jOints in 
pavements, to seasonal movement of abutments, or to movement of abutments caused by ex­
pansion of rigid approach slabs. Relevant sources in the literature are listed in Table 2-1. 

Table 2-1 Summaty of Reported Causes of Pavement Faults 

Source Bri~es Causes of Settlement Notes 
Ardani, 10 Consolidation in fill and fill Causes deduced from the con· 
1987 foundation. struction and observed drain-

Poor compaction and drainage age paths. 
in fill. 
Erosion of slOJ>!!. 

Meade & 6 Embankment subsidence due to Embankments noted as having 
Allen, 1989 poor compaction, steep slopes, thick lifts (2'-3') and poor com-

erosion, and secondary consoli- paction settled much more than 
dation. those with l' lifts and good 

compaction. 
SOOk or more of embankment 
settlement occurred before ap-
proach pavement was laid. 

Kramer & 9 Primary and secondary con- The bridge-approach interface 
Sajer, 1991 solidation and creep of em- was excavated and checked for 

bankment foundation soils. voids and irregu1arities. 
Subsidence of embankment fills Construction records were re-
due to creep, frost, erosion, and viewed. 
truck traffic. 
Failure of expansion joints and 
movement of abutments. 

James et al. 7 Longitudinal growth of pave- Approach pavement cores 
1991 ment. Water infiltration into taken to determine growth of 

embankment fills. pavement due to chemical re-
actions. 
Heavy traffic areas investi-
gated. 

Moulton, 204 Movement of abutments due to Data from questionnaire ana-
1986 poor pile foundations. lyzed for correlations. 

Inadequate lateral resistance Causes compiled from ques-
movement of approach em- tionnaire responses. 
bankmentduetoconsolidation 
of foundation soils. 
Settlement of fill. 
Sliding (due to slope or foun-
dation instability). 
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Source Brid£eS Causes of Settlement Notes 
WahIs, - Consolidation of fill and fill Synthesis of literature. 
1990 foundation. 

Poor compaction and/or drain-
age. 
Erosion. 

Hopkins & 6 Primary consolidation of em- Long-term monitoring (8 - 14 
Deen, 1970 bankment foundation. years). 

Secondary compression and 
shear strain of fill foundation. 
Improper compaction of em-
bankment fill. 
Loss of material form and 
around abutment. 
Lateral and vertical deforma-
tion of abutment. 

Emmanuel - Abutment movement due to From literature 
1978 growth of approach slab and 

settlement of fill. 
McNulty 1 Embankment movement due to FIXed by replacement of fill 
1979 erosion. with lisrhtweie:ht fill 

The causes proposed in the literature can be grouped under two headings: Global mechanisms 
and Local Mechanisms (Table 2-2). Each mechanism includes several causes. 

Mechanism Performance Cause 
Global Consolidation of embank- Poor compaction. 

mentfills. 
Inadequate construction inspection. 

Consolidation of fill founda- Poor (pre)compression. 
tion. 

Inadequate subsurface eXl)loration. 
Inadequate construction inspection. 

Slumping of embankment Steep side slopes. Desi£l\ error. 
Movement (forward tilt) of abutment due to 
high earth pressure. 
Movement of fill through open abutment 
face. 

Local Local erosion of fill at abut- Failure of joints in pavement. 
ment. 

Crackinl1: / leaka£e in pavement. 
Seasonal tilt of abutment, and shiftinl1: of fill 
T"dt of abutment due to expansion of ap-
proach pavement. 

Table 2-2 Mechanisms, Performance, and Causes of Pavement Faults 

Mitigations are specific to mechanisms. The global mechanism and its related causes are miti­
gated by improvement of fills or fill foundations. For example, chemical or mechanical stabili­
zation of embankment fills are appropriate mitigations for pavement faults due to global 
mechanism. The local mechanism and its related causes are mitigated by better joints, by de­
signing for movements of abutments, by provide fills that resist erosion (such fills are required 
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only near the abutment), or by designing maintainable transitions between approach pavements 
and bridge decks. 

The difference in mechanisms must be seen in a difference in the performance of embankments. 
Consistently greater settlements in embankments than in abutments are evidence of the global 
mechanism. Local disruption of pavements near abutments, with similar settlements in em­
bankments and abutments, is evidence of the local mechanism. 

Previous studies identify diverse, site-specific causes of settlement problems. Often, causes of 
settlement problems are identified after the fact, and there is a tendency to name probable 
causes rather than to prove the importance of individual causes. The most significant character­
istic of the literature on this area is the persistence of pavement faults. Oearly, if causes are 
known already then there should be no difficulty in preventing new faults. It appears that 
causes of faults have not been correctly or completely identified. There may be an interaction of 
several contributing causes making both investigation and prevention of faults so difficult. 



• 
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Section 3 MITIGATION OF PAVEMENT FAULTS 
Mitigation of pavement faults may be broadly divided into methods intended to prevent the oc­
currence of faults and methods that remedy existing faults. Preventive methods are applied to 
new structures during their construction. Remedies are applied to structures in service. Meth­
ods for mitigation may be further divided into methods that are effective in prevention or 
remediation of faults caused by a global mechanism, and methods effective for a local mecha­
nism. 

Methods for mitigation take five forms (Table 3-1). 

• Improvement of fiIIs and fiIIs foundations are preventive methods that mitigate faults due to 
global mechanisms by reducing the post-construction settlement of embankments. 

• The use of abutments supported on embankments is a preventive method that mitigates 
faults due to global mechanisms by making abutment settlements similar in magnitude to 
embankment settlements. 

• Approach slabs may be preventive or remedial and are effective for both global and local 
mechanisms of pavement faults. 

• Maintenance activities are preventive, and are effective for faults caused by a local mecha­
nism. Maintenance activities include the aggressive maintenance of pavements and joints, 
as well as newer strategies of removable/ adjustable pavement sections. 

• Mudjacldng, fill replacement, repaving, and other rehabilitations of embankments or ap­
proaches are remedies for existing faults. 

Application Mechanism 
Soil improvement Preventive Global 
Abutments on Foo~ Preventive Global 
A~roach Slabs Preventive or Remedial Global or Local 
Maintenance Preventive or Remedial Local 
Rehabilitation Remedial Global or Loca1 

Table 3-1 Methods for Mitigation of Pavement Faults 

Among these five categories of methods for mitigation of faults, most information is available 
for soil improvements. Abutments on footings are reported by DiMillio [1982] and by Grover 
[1978], though neither source provides a quantitative assessment of the effectiveness in prevent­
ing pavement faults. A survey of use of approach slabs is provided by Allen [1985]. Stewart 
[1985] rer.orted on approach pavement types and their maintenance needs. Maintenance, as a 
means or controlling faults or other settlement-related problems, is not reported in the literature. 
Rehabilitation, short of replacement of pavement, is sometimes accomplished by mudjacldng. 
More commonly, however, approach pavements are demolished and replaced with new pave­
ment. 

SOIL IMPROVEMENT 
Soil improvements include compaction or drainage of soils, addition of grouts, or addition of 
mechanical stabilization. Compaction may be accomplished by surcharge, by dynamic loading, 
or by vibratory loading. Wicks or sand columns may be used to drain soils. Strips, grids, or 
textiles may be used to construct mechanically stabilized backfills. Stone, sand or lime columns, 
soil nails, or micropiles can be use for mechanical stabilization of unexcavated soils. Soil im-
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provement may also include better construction practices and control, and more stringent 
specifications for fill materials. Methods of soil improvement are listed in Table 3-2. 

Table 3-2 Soil Improvement Methods 

Type Stone Columns 
Description • Hole created by jetting or other methods and then backfilled with stone 

or sand compacted by impact and vibration. 

• 1.5' - 4' diameter depending on level of improvement, method of installa-
tion, stone size, soil strength. 

• Graded stones, 1.3 em to 7.6 em diameter [Juran et. al1989]. 
• Layout in square or rectangular grids, on center. spacing of 5'-12' depend-

ing on level of improvement [Welsh 1987]. 

• Blanket of sand and gravel or semi-rigid mat at top of soil mass transfers 
loads to colUllUlS which support by end bearing and/or side friction. 

• 10 - 35% of weak soil reolaced, nroicaI. 
Installation • Vibroflot "wet". Water jet with stone filled in behind and compacted as 

vibroflot is removed [Mitchell 1970]. Weak soil removed in this method. 
Most effective for soft to firm soils, high groundwater [Welsh 1987]. 

• Vibrodisplacement "dry". compressed air, smaller diameter holes. weak 
soil pushed aside. 

• Rammed. small hole drilled, stone rammed in with falling weight; rec-
ommended for diameters less than 80cm 

Design • Pile analysis must be performed (lateral support, skin friction, bulging, 
length) 

• Semi-empirical methods or finite element methods used to calculate 
strength of colUllUlS [Welsh 1987] 

• Bearin2 caoacitv mav be 20 to 50 tons per column [Juran et a!. 1989] 
Use • Improves bearing capacity, slope stability and decreases settlement 

[Welsh 1987] 

• Best for soils with unconfined compression strength of 15 - 50 kPa [Juran 
et al. 1989] 

• Wide acceptance in U.S. for soft cohesive soils 

• $45/m [Welsh 1992] 
PrOjects Meade and Allen [1985] 
Limitations • Not enough lateral support from highly compressible soils [Juran et al. 

1989] 

• Not recommended for soils w / sensitivity> 5 (soil becomes remolded 
durin£ installation) 
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Type Sand Compaction Piles 
Description Hole backfilled with compacted sand. 
Installation .. Pipe driven in by vibration . 

• 4.5 to 6 ton hydraulic or electric vibrator. 
• Sand poured in and casing pulled out and pushed back in at intervals to 

compact sand. 
• 24"' to 32"' diameters, up to 80"' diameters. 

• SO' piles installed in twenty minutes. 
• Strong sand piles installed with additional horizontal vibration. 

Design 1. Assume required reinforcement and pick spacing. 
2. Estimate initial and final void ratio of soil. 
3. Find required volume of sand and diameter. 
4. Determine diameter of casing - estimated as 1.5 times larger than pile di-

ameter. 
5. Iterate to find reasonable size. 

Use • In Japan for reclaiming land from the sea. 

• Improves stability. 
• Reduces settlement. 

• Protects soil from liquefaction. 

• Accelerates primary consolidation [Barksdale 1987). 

Type Soil Mixed Wall (SMW) or Deep Soil Mixing (DSM) 
tion Grout mixed in with soil to form soil-cement columns. 

Installation Auger w / hollow stem of 22"-40" diameter [Welsh 1992]. 
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Type Soil Nailing 
Description Nails 

• Driven Nails - low cost, small diameter (1#5-#11 Bars) 50 ksi some with 
annulus to shoot grout through after installation to seal [Welsh 1987]. 

• Grouted nails - high strength (150 ksi) #5-#11 bars. 
• Jet-grouted nails - composite inclusions (30-40cm. diameter) [Welsh 1987] 

made of grouted soil with central rod. 

• Corrosion protected nails - (French) double encapsulated nails. 

• Solrenfor - steel bar and grout protected by steel or plastic casing 
• Intrforcolor - prestressed to keep grout under compression. 

• US contractors use resin bonded epoxy nails [Welsh 1987). 
Facing 

• Facing: Ensures local ground stability, limits decompression (for tunnel 
excavation), protects ground in a continuous manner, flexible, conforms 
to irreguIarities [Welsh 1987]. 

• Shotcrete - most common facing, 10-25 em thick, reinforoed with welded 
wire mesh. Simple, cheap. steel fibers can be added to reduce cracking 
[Elias and Juran 1991). 

• Welded wire mesh for facing of fragmented rocks or intermediate soils 
[Welsh 1987]. 

• Galvanized wire mesh for permanent structures [Elias and Juran 1991). 

• Cast-in-place reinforced concrete or prefabricated concrete or steel panels. 
Installation • Driven nails using pneumatic or hydraulic hammers (no drilling) [Elias 

and Juran 1991, Welsh 1987]. 2-4 nails per 10sq.ft driven@3-5nails/hr. 

• Grouted nails plaoed in boreholes (10-15cm diameter, 3.5"-12") w / spac-
ing of 1m-3m, 4'-6' [Welsh 1987, Elias and Juran 1991) conventionally ce-
mented or resin grouted. 

• Jet-grouted nails - vibro-percussive driving of rod, grout injected through 
annulus in bar causing hydraulic fracturing of surrounding soil provides 
recompaction and improvement of surrounding ground. 

• Rods attached to facing bv steel plates or cladding [Elias and Juran 1991). 
Design • Lateral friction along rods, latera! passive soil thrust on rods (similar to 

piles) [Welsh 1987] 

• Pullout strength formulas, pullout capacity table, design charts [Elias and 
Juran 1991). nails may be prestressed to 20"10 of working load [Elias and 
Juran 19911 

Use • Excavations and at toes of slopes. 

• Primarily temporary structures because of lack of durability of nails and 
, facing. 

Projects • More cost effective than tiebacks (10-30% savings). 

• Permanent walls - $25-30/sqft (shotcrete facing), $4O-54/sqft 
(precast/ cast-in-place facing) . 

• Temporary walls -$15-$28 

• Shotcrete is 30"10 of total cost, 40"/ ... 50% for other facing types. 

• All costs 1985-1988 [Elias and Juran 1991]. 
Limitations Advantages: 

• Low cost, adaptability, easy modification [Welsh 1987], withstands larger 
total and differential settlement than conventional structures [Elias and 
Juran 1991, Welsh 1987]. 

• Rapid installation, light construction, failure of one nail is okay because of 
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Type 
Description 
lnstallation 

Design 

Use 

Projects 

redundancy [Elias and Juran 1991]. 
Umitations: 
• Not effective in clayey soils which are affected by creep and saturation; 

not durable in aggressive environments (Welsh 1987]. 
• Groundwater drainage may be difficult to construct. 
• Number of nails may interfere with utilities, etc. 
• Displacements may be larger than conventional tiebacks, causing move-

mentofnearbystructur~. 

• Nail capacity may not be economically developed in cohesive soils. 
• Long-term performance of shotcrete facing is unknown. 
• No good for organic soils, cinder ash or slag fills, rubble fills, industrial 

was~, acid mine wastes, nor for cohesive soils with LL>50 and Pl<20 
(creep must be checked) nor for cohesionless soils with N<lO, cohesive 
soils with unconfined compression less than 0.5 Tsf. 

Micropiles 
Small diameter, cast-m-place p~. 

• Drilling and grouting or displacement method. Drilled hole (cased), re-
bar placed, cement rich, small aggregate concrete grout poured, casing 
withdrawn while concrete pumped (sometimes casing stays). 

• Concrete or mortar forced into ground making a reinforced soil structure. 

• Some expanded bases (bells). 

• Driving method difficult with small diameter. 

• Wide sJ>acin~ 

• Micropiles act like regular piles with little end bearing. 

• Tension and compression taken, only small bending moments, buckling 
in weak soils. 

• Designed like regular piles. 

• In-5i.tu pull-out test should be used to check capacity. 

• For stability and to reduce settlement, not intended for support (<25Omm 
diameter) 

• Root-piles - used for underpinning existing structures, reinforcement of 
weak earth masses, stability of slopes, or strengthening of soil around ex-
cavations 

Foundations for bridge piers [Blondeau, 1984] 
Foundation for embankment [Korfiatis, 1984] 
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Type Groutinll: 
Description Cement-like substance pumped into voids. 
Installation 0 Jet grouting - used japan and Europe for 15+ years. 

0 Water jets excavate soil, grout is pumped in and mixed with soil to make 
columns. 

0 Total mixing or partial removal of soil. 
0 Up to ten-foot diameters. 
0 Rapid set cement grout, chemicals also used [Welsh 1987). 
0 Otemical grouting - 30% of soil volume replaced; 1-1.5m spacing [Welsh 

1992). 
0 Compression grouting - up to SOOOpsf pressure, used for slabjacking 

[Bruce 1992). 
0 Hydrofracture grouting - stable high-mobility cementing grout injected 

at high rates to fracture ground. 
0 French add polypropylene to provide tensile and flexural capacity. 

Design 0 Increases strength and/ or decreases permeability. 
0 Increases total stresses, fills voids, locally consolidates and densifies soil. 
0 Otemical grouting Hglues" granular soils together, seals cracks to prevent 

water infiltration; best for sands w / <20% fines. 
0 Compaction grouting good for thin, loose, deep strata overlain by very 

dense strata [Welsh 1987]; more controllable than slurry, more expensive 
than vibro-compression. 

Projects 0 Jet grouting - $250/ m for 1m diameter col11IlUl, $35000 to move equip-
ment [Welsh 1992). usually cheaper to do other things instead [Bruce 
1992). 

0 Otemical grouting - $O.5-1.0/liter, $75/linear m, $10000 mobilization cost. 
0 Compaction grouting - $200/ cu.m of grout, $50-60/ m of placement, $10-

50000 for mobilization [Welsh 1992]. 
Limitations 0 Expensive, for special problems (uncontrollable seepage, voids, founda-

tion underpinning), complex, results difficult to evaluate [Mitchell 1970) 
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Type Mechanicallv Reinforced Fills 
Description Layers of soil with tensile reinforcing elements in horizontal planes between 

layers. 
Reinforcement types: 

• Strip reinforcement - metal (usually) or plastic strips. 

• Grid reinforcement - tensile resistant elements (metal or plastic) arranged 
in rectangular grids. Steel bar mats. Welded wire mesh. 

• Geotextiles. Woven or nonwoven. 
Facing types: 

• Shotcrete, cast-in-place concrete panels, precast concrete panels, welded-
wire mesh, gabions, wrapped geotextile. 

Installation • Built up from base in lifts of 1 to 2.5 feet. 

• Reinforcing elements placed in horizontal planes between lifts. 

• Usually granular bac:kfill, although it depends on system requirements. 
Design External checks (conventional wall and embankment checks) 

• Overturning, sliding, bearing, slope stability 
Internal checks 
• Strength of reinforcement. 

• Strength of connections. 

• Durability of reinforcement. 
Use • Reduces lateral spreading and differential settlement, improves embank-

ment stability. 

• Cheaper alternative to displacement improvements or deep foundations. 

• Geotextile can be used at base of embankment as working platform. 

• Uniform granular soils may cause damage to grid during construction 
[Koerner and Wilson 1992). 

• Foundation subgrade and base improvements by confinement and sepa-
ration! Confining soils brings particles closer together and prohibits infil-
tration of weaker soils [Welsh 1987) 

Projects • MSE wall saves about 2S-50% over conventional retaining waIls: 

• Reinforcing material = 10-20% of total cost, backfill = 30-40%, facing = ~ 
50% [Christopher et al1990 ). 

• Tweepad Mine [Blight and Dane 1989 , Smith 1989)- massive deteriora-
tion. 

• Haliburton [Haliburton et al. 1980)- embankment. 

• Road subbases and drainage [Hoffman and Turgeon 1983, Bonaparte et 
al. 1988, Dawson and Lee 1988). 
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Type Fiber Reinforcement 
Description • Tensile resistant strands mixed in with soil. 

• Natural, synthetic, or metallic strands. 
fustallation • Fibers must be uniformly distributed throughout soil, random orienta-

tion. 
Use • Experimental. higher bearing capacity, self-healing slopes when eroded. 

not fully developed [Mitchell and Villet 1987] 
• 1% yarn added to soil can produce a high friction-high cohesion soil. 
• Greater stability, reduced erodibility, lower permeability. 
• Texol (French method) [CaITrans 1991] 

Projects Lab tests [CalTrans 1991, Fletcher and Humphries 1991] 

Type Dynamic Compaction 
Description Repeated dropping of heavy weight. Good for most soils. 
fustallation • 10 drops per spot is maximum economic limit. 

• 20 tons dropped from 100' is maximum. 
• No conclusive evidence that shape of weight matters [Welsh 1987]. 

Design Effective depth of densification 

(0.3 to 0.7}JWii 
where W is weight in tons, and h is height of drop. Densification usually to 40 
feet. 

Use • Suitability based on grain size, saturation, permeability, and drainage. 
• Best for pervious, larger grain sizes. 

• Reduces settlement, may cause problems with nearby structures. 
Projects $7-15/sq.m of surface, $35000 for mobilization [Welsh 1992, Leonards et al. 

1980] 

Type Drains 
Description Types: 

• Sand, uncompacted sand columns. 
• Prefabricated (wick) drains with plastic core. 

fustallation • Hole augured and backfilled with sand for sand drains. 
• Prefabricated drains are pushed into the soil with a mandrel. 

Design In-situ samples required for design. 
Use • Shorten pore water flow paths, reducing consolidation time. 

• Often used in conjunction with surcharge. 
Projects Sarkar and Castelli 1988, Kvfor et al. 1988, Save et lao 1988, Lamb 1980 
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Type Vibro-Compaction 
Description Rearranges loose cohesionless soils into denser soil with vibratory probe. 
Installation 0 Hollow steel tube with eccentric weight causes horizontal vibration 

[Welsh 1987]. 
0 Vibrator 1(H5' long, -7 tons, can influence up to 14' diameter. 
0 Spaced on triangular patterns@6'-12'oncenter. 
0 Extra sand brought in or the site can be dropped in elevation. 

Use 0 Improves relative density up to 85%. 
0 Improves to depths of 115'. 
0 Increases bearing capacity, reduces foundation settlement, increases resis-

tance to liquefaction and shear. 
0 Efficiency decreases as cohesion increases. 
0 Soils should be <12% silts and clay w / <3% clay. 
0 One of the most economical and effective methods of densifying deep de-

posits of granular soils (<20% fines w / <3% active clays). 
0 Often used in coastal plain sediments, alluvial soils, glacial deposits, or 

controlled hydraulic fills. 
Projects $25/m of depth, $10-20000 for mobilization [Welsh 1992]. 

Type Lime-ColumnslLime Stabllization 
Description 0 Ume added to soil to cement fine particles together. 

0 Hydrated ume -most popular. 
0 Quicklime - increased usage (about 25% of all lime usage). 

Installation 0 In-place or off-site mixing. 
0 Hole drilled and quicklime mixed in with soil to form columns. 
0 Pressure injected lime s1urrv 7' to 10' deep at 5' spacing [Chou 1987]. 

Use 0 Used offshore in Japan, some with diameters of 305m and 10m deep. 
0 Good for organic soils. 
0 Better cementing and results with less organic materials, more minerals, 

high pH, >20% clay, Pl>lO, higher curing temperatures (min 20-2SC). 
0 Permeability of soil mayor may not increase [Juran et al. 1989]. 
0 Light structures may be constructed on lime columns [Welsh 1987]. 
0 Decreases liquid limit and plastic limit. 
0 Decreases compressibility and potential expansiveness [Basma and 

Tuncer 1991, Tuncer and Basma 1991, Chou 1987]. 
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CONSTRUCTION, DESIGN AND MAINTENANCE 
Soil improvement is stressed in the context of rigorous quality control and quality assurance for 
embankments [Kramer and Sajer 1991]. The quality of backfill materials is important [Wahls 
1990, Ardani 1987, Hopkins 1985]. Granular, strong materials are needed. Lightweight backfill 
materials may be used to reduce consolidation of foundation soils (James 1991, Wahls 1990. 
Lightweight fills such as low density concrete, polystyrene, and clamshells have all been used as 
embankment fills. In addition, organic material such as peat, bark, and sawdust might be used 
if they remain below the water table. Good compaction is an obvious requirement for improv­
ing backfills. Thinner!ifts can be used to increase the effectiveness of compaction. Compaction 
requirements vary according to soil types, but strict compaction criteria such as that used in 
California [Stewart 1985] and in Kentucky [Hopkins 1985] can be effective in reducing settlement 
problems within the embankment. 

Erosion must be prevented. Kramer and Sajer [1985] recommend gentler slopes for the side slopes of the 
embankment Wabls [1990] and Kramer and Sajer [1985] recommend slope protection. Colorado has in 
the past extended abutment wings along the sides of the approach to provide more protection and lateral 
support of the approach embankments [Ardani 1987]. James [et al. 1991] believes that expansion joints at 
the bridge-approach interface must be sealed watertight so that runoff can not infiltrate the embankment 
fill. Adequate drainage within the fill and prevention of runoff water is suggested by many authors. 
Wyoming, Idabo, Kansas, Alabama, and North Dakota all use some sort of drainage system behind the 
abutment backwall to prevent water from infiltrating the embankment backfill [Study 1989]. 

APPROACH SLABS 
Approach slabs are often used in an attempt to mitigate pavement faults. Approach slabs are reinforced 
concrete slabs with one end bearing on the bridge abutment and the other end resting directly on the 
highway embankment or a sleeper slab that supports both the approach slab and the adjacent roadway 
pavement. Many transportation agencies design slabs to span voids. This leads to thick slabs. According 
to Kramer and Sajer [1991], approach slab lengths range from ten feet to as much as 120 feet, with an av­
erage length of 40 feet. According to data collected by the Colorado DOT [Study 1989], approach slabs 
are usually 6 to 18 inches thick. 

Approach slabs do not always eliminate the bump at the abutment Ardani [1978], Kramer and Sajer 
[1991], Stewart [1985] all repon undesirable bumps at bridges with the use of approach slabs. Kentucky . 
has discovered that approach slabs do not eliminate bumps. Instead, it may more difficult to repair bumps 
at bridges with approach slabs. James [et a1. 1991] also repons that flexible approaches in Texas per­
formed better than approach slabs. Stewatt [1985] repons that asphalt approach pavements are repaired 
more often than concrete approach slabs. Maryland has eliminated the use of approach slabs from its new 
designs and now uses asphalt approaches exclusively. 

Kramer and Sajer's [1991] concluded that the use of an approach slab should be determined on a site by 
site basis. They suggest that approach slabs should be used for most bridges, particularly when the settle­
ment of embankment fills or foundation is expected. Approach slabs should not be used when little long­
term settlement is expected or if no approach embankment exists. 

REMEDIATION OF EXISTING FAULTS 
Pavement faults are fixed by correcting the elevation of the approach pavement. Patching and filling can 
make faults more gentle, though durability of patches is often a concern. Many transponation agencies 
including the Indiana and Missouri DOTs [Study 1989] use slabjacking to return approach slabs to their 
original elevations. Slab jacking is done mechanically or with pressurized grouting. For mechanical jack­
ing, threaded holes are prefabricated into the approach slab. When the slab settles too much, it can be 
jacked off the abutment of foundation to its original position. Slab jacking is also done with grouting. 
Called ''mudjacking'', the technique uses drilled holes in the approach slab to pump pressurized grout be­
neath the slab. The grout fills voids beneath the slab and, by proper hole placement, can correct any dif­
ferential settlement that has occurred. Ardani [1987] states that mudjacking is only a temporary solution, 
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and that it may actually aggravate the problem by cracking the slab, a phenomenon that other agencies 
have reported. 

Kramer and Sajer [1991] report experimental use of an inflatable bladder to raise or lower approach slabs 
using air pressure. Replaceable precast slabs have also been proposed [Kramer and Sajer 1991]. Precast 
elements are removed and reset as necessary for continuing settlements of embankments. 

Slabjaclcing can COIreCt faults if the approach has settled more than the abutment The abutment may set­
tle more than the approach, if the abutment has a shallow foundation. DiMiIlio [1982] reports the use of 
jackable abutments in Washington. lackable abutments work by installing hydraulic jacks under each 
bridge girder during construction. The jacks rest on jaclcing pads on the abutment If settlement ()f the 
abutment occurs, a central hydraulic system can operate all the jacks and raise the deck to its original 
level. 

literature sources on mitigation or remediation of pavement faults are summarized in Table 3-3. 
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Table 3-3 Summary of Improvement of Fill. and Structures at Approaches 

USI!KllY 

routine Method which has been proven and is a relatively standard practice. May be routine in 
another countrylf not in the US. Foreignuse noted in parentheses. 

experimental Method which Is not used often enough to be considered routine. May have been im-
plemented as an experimental feature. 

never used _Method which has not been putinto service -_ .. ------ -

i'BRFORMANCB KllY 

good At least a slight improvement over the regular method or un-
treated system. 

poor No improvement but no worse than the original. 
bad Mitigation which actually did more harm than good. 
inconsistent Some improvement but also some harm, sometimes at the 

same site. 
unknown No information on performance. 

class proponent name/description use performance 
fill foundation Meade and Stone Columns: soil drilled or augered and filled with columns of routine good 
fill Allen J1985) stone (details). 
fill foundation Holtz [1989] Drains: artificial drainage put into the soil to increase rate of consoli- routine good 
fill dation. 
fill foundation Holtz [1989] Lime Columns: lime mixed with soil in columns. routine (Europe) good 
fill 
fill foundation Holtz (1989) Dynamic compaction. routine good 
fill 
fill foundation Holtz [1989] Vibroreplacement (stone or sand columns). routine good 
fill foundation Juran [et al. Stone Columns (details). routine good 

1989] 
fill foundation Kyfor [et al. Prefabricated Drains: geocomposite drains. routine good 

1988] 
---- --- _ . 

• 
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class proponent name/description use performance 
fill foundation Barksdale Sand Compaction Piles: large diameter columns of compacted sand. routine Gapan) good 

[1987] 

fill foundation Saye [et a!. Prefabricated drains. routine good 
fill 1988] 
fill foundation Das [1988] Geotextile Interface --layer between fill and fill foundation. experimental good 
fill Kramer and Strict construction criteria. routine good 

Sajer [1991] 
fill Kramer and Replacement: remove poor fill and replace with better fill. routine good 

Sajer [1991] 
fill James [et al. Seal Joints: keeps water from infiltrating fill. routine good 

1991] 
fill Hopkins Compaction requirements (standards). routine unknown 

(1985, 1986] 
fill McNulty Lightweight fill. experimental unknown 

[1979] 
fill Scholen Aggregate Stabilizers: additives to improve performance of subbases. experimental poor 

[1992] 
fill Nunan and Aggregate Stabilizers. experimental poor 

Humphrey 
[1990) 

fill Caltrans Yam Reinforced Soil: small amounts of yam fibers added to soil to never used unknown 
[1991] add strength. 

fill Bruce [1992] Grouting. routine inconsistent 
fill Holtz [1989] Berms, Flattened Slopes: prevents erosion, increases stability of em- routine good 

bankment. 
fill Holtz 1989 Lightweight Fill. routine unknown 
fill Holtz 1989 Pile Supported Embankments. routine (Europe) unknown 
fill Holtz 1989 Preconsolidation of embankment. routine good 
fill Holtz [1989 Grouting. routine unknown 
fill Holtz [1989] Blasting. experimental inconsistent 
fill Holtz [1989] Thermal. experimental good 
fill Reckard Geotextile separators to prp.vent differential settlement. routine P()oL __ - -------------
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class proponent name/description use ~erformance 

J1991] 
fill Fowler [1989] Geotextile reinforced embankment. routine unknown 
fill Huang [1990] Bottom ash as fill. experimental good 
fill Juran [et a!. Lime -- mixed with soil to improve soil properties. routine Gapan) good 

1989] 
fill Basmaand Lime (mixed with clay). experimental good 

Tuncer [1991] 
fill Tuncerand Lime (mixed with clay). experimental good 

Basma [19911 
fill Duncan [et a!. Reinforced earth embankments. routine good 

1987] 
fill Bonaparte Reinforced earth embankments. routine good 

and Christo-
pher [1987] 

fill Leonards [et Dynamic compaction. routine good 
al. 1980] 

fill Dawson and Grid reinforced clay. experimental poor 
Lee [1988] 

fill Hoover Drains. routine good 
[1987] 

slab Kramer and Concrete approach slab routine inconsistent 
Sajer [1991] 

slab Stewart Concrete approach slabs (standard design details). routine inconsistent - [1985] 
abutment Timmerman Mechanically stabilized earth walls as abutments. routine good 

[1992] 
abutment James let a!. Relief joints: allows slab to grow without moving abutment. routine inconsistent 

1991] 
abutment DiMillio Jackable abutments: jacking pads under each girder to jack to original routine good 

[1982] position. 
- -
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Section 4 OBSERVED TOTAL SETTLEMENTS 
This section is a collection of data on settlements of bridges and embankments in service. Data 
are collected from studies of settlements of individual structures, and from surveys of settle­
ments of many structures. Most of these data are from bridges and transportation projects, but 
some data from settlement of building foundations are included. This section presents data on 
settlements, and examines average settlements of embankments and bridge substructures. Data 
on settlements are summarized, and average settlements are computed. Average settlements 
computed here are compared to averages from other summaries of settlements of bridges. 

Settlements of bridges in service are basic data. Any finding on causes of pavement faults must 
be consistent with the observed performance of bridges in service. For example, a global 
mechanism of pavement faulting is indicated if total settlements of embankments are greater 
than total settlement of abutments. This difference should be greater for bridges with abut­
ments on deep foundations. Abutments on footings should show total settlements that are 
closer to settlements for embankments. Conversely, nearly equal settlements of embankments 
and abutments, and similar settlements among abutments without regard to type of foundations 
are not consistent with a global mechanism for pavement faults. 

The numbers of data points for observed settlement of structural foundations and of embank­
ments are shown in Table 4-1. Several categories of data are shown. First, data are separated as 
ACTUAL settlements and as APPRoXIMATE settlements. ACTUAL settlements are measured values 
of settlements reported for individual substructures or embankments. APPROXlMATE sett1ements 
are summaries of settlements presented as histograms. Histograms are provided in reports of 
some surveys of settlements of bridges. Data are collected from a variety of studies. Some are 
surveys of the performance of structures or embankments. Others are long-term monitoring 
programs for one or a few structures. Still others are demonstrations of types of foundations. 

Data content varies. among studies. Some studies offer detailed information on soil conditions, 
embankment heights, and foundation types for substructures. Other studies offer settlement 
data with incomplete or missing information on embankments or substructures. Among the 
limited data available, this synthesis separates data based on type of foundation for substructure 
(deep foundation or shallow foundation), on embankment height, and on occurrence of settle­
ment before or after construction of bridge decks. 

The magnitudes of settlements are listed in Table 4-2, and histograms of settlements for catego­
ries of foundations and embankments are shown in Figure 4-1 to Figure 4-18. In Table 4-2, both 
the mean and median values of total settlement are presented along with standard deviations of 
total settlement. Table 4-3 lists the settlement data for bridges only, and offers somewhat 
greater detail in these data. Median values of settlement are consistently less than mean values. 
For most categories, mean sett1ements exceed median sett1ements by a factor of two (fable 4-2, 
Table 4-3). Total settlements are characterized by many occurrences at low values of settlement, 
few occurrences at higher values, and some occurrences at very high values. 

For embankments, total settlements after completion of fills are presented along with sett1e­
ments after construction of the bridge deck (called post;:onstruction settlements). Post con­
struction settlements are the appropriate values to use for examining pavement faults. FIgures 
for settlements of embankments show both total settlements (FIgure 4-19, FIgure 4-20, Figure 4-
21) and post constrUction settlements (Figure 4-22, Figure 4-23, Figure 4-24), and also distinguish 
among embankments greater than 30 feet in height (Figure 4-24) and embankments less than 30 
feet in height (Figure 4-23). Post;:onstruction sett1ements of embankments are larger on average 
than settlements of bridge foundations. For embankments less than 30 feet high the difference in 
median settlements between embankments and abutments is 0.4 inches. 
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l TlIl)e Total 
lon(" I Soil 198 266 464 
lone !Soil 5 86 91 

Single Piles anc Pile ( 162 34 196 

R";r!",,,. AN ... 1 

Ai A 2~9 507 
lonPiles ~7 124 
Ion 21 l2 383 

A I Piers 1: 15 261 
Piers on Piles 65 91 
Piers on 120 170 

Iitotal\ A,.+n.l 

All 66 66 
'&, 44 44 
I Fills less than 30 f....+ h;",h 15 15 
,Fills ~ than 30' high 10 10 

A,.h,.1 

AlI11~1 25 2 
,&A 25 2 
l :Eills less than 30 feet high 13 13 
Fills : than 30' high 10 10 

Thtl!l 
41 158 199 

,M, 9 133 142 
180 0 180 
258 210 468 

Table 4-1 Number of Data Points on Settlement 

The character of distributions of settlements is evident in the figures. The first of these (Figure 
4-1) shows all of the data for structural foundations. Most settlements are 1 inch or less. Only a 
few larger settlements are observed. This type of distribution of total settlements is characteris­
tic of all subsets of settlement data. In following figures, the distribution of settlements for all 
footings (Figure 4-2), for footings on cohesionless soils (Figure 4-3), for footings on cohesive soils 
(Figure 4-4), for pile foundations (Figure 4-5), for bridge substructures (Figure 4-6), and for a set 
of sut.'ategories of bridge substructures including type of substructure, type of foundation and 
type of soil are shown. In all subsets, the same characteristic distribution of settlements is ob­
served. 
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Foundation Type Mean Median Standard 
Settlement Settlement Deviation 

11 in m,in 0', in 
Footings on Cohesionless Soil 1.5 0.6 2.2 
Footings on Cohesive Soil 12.2 2.3 13.2 
Single Piles and Pile Groups 3.2 1.0 6.2 

Bridees U m a 
All Abutments 2.1 1.2 2.5 
Abutments on Piles 2.0 0.8 2.6 
Abutments on Footings 2.1 1.3 2.5 
All Piers 3.2 1.2 3.3 
Piers on Piles 2.7 1.2 2.9 
Piers on Footings 3.5 1.7 3.4 

; (total\ u m a 
All Embankments 23.9 15.4 29.0 
Highway and Approach Embankments 23.3 7.1 31.8 
Approach Fills less than 30 feet high 4.4 2.5 6.3 
Approach Fills greater than 30 feet high 14.2 16.3 8.9 

u m a 
All Embankments 3.4 2.5 5.1 
Hi~way _and Approach Embankments 3.4 2.5 5.1 
Ap~roach Fills less than 30 feet high 3.4 1.6 6.5 
Approach Fills greater than 30 feet hi~_ 4.0 3.6 3.2 

Table 4-2 Summary of Total Settlements 
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Category Points Mean, in a, in Median, in MIn. in Max-in 
Substrnctures 484 2.5 2.9 1.2 O.C 48.0 
On shaDow foundations 322 2.6 2.9 1.4 0.0 36.0 
On deep foundations 162 2.3 2. 1.0 0.1 48.0 
In sand 213 2.7 2.8 1.5 0.0 10.2 
On shaDow foundations in 194 2.4 2. 1.2 0.0 10.2 
On deep foundations in sand 19 5. 2.2 6.6 0.2 9.0 

Abutments 299 2.1 2.5 1.2 0.0 48.0 
On shallow foundations 202 2.1 2.5 1.3 0.0 36.0 
On deep foundations 97 2.0 2.6 0.8 0.1 48.0 
On shallow foundations in 123 1.2 0.9 1.1 0.0 7.5 

Pie ... 181 3 ... 3.3 1-, 0.0 20.4 
On shaDow foundations 116 3.5 3.4 1.1 0.0 20.4 
On deep foundations 65 2. 2.9 1"" 0.0 16.8 
In sand 86 4.9 3.3 6.0 0.0 10.2 
On shaDow foundations in 69 4.5 3.5 6.0 0.0 10.2 
On deep foundations in sand 17 6.3 1-, 6.6 4.8 9.0 

Table 4-3 Total Settlement Data - Bridges Only 

Settlement 
Cateltorv %<lin %<2in %>4in 
Abutments and piers 43 60 23 
Abutments and piers on shallow foundations 41 61 22 
Abutments and piers on deep foundations 47 57 23 
Abutments 42 65 17 
Abutments on shallow foundations 39 68 15 
Abutments on deep foundations 48 59 23 
Piers 45 52 30 
Piers on shallow foundations 46 51 35 
Piers on deep foundations 45 54 23 

Table 4-4 Frequency of Total Settlements 
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PREVIOUS SUMMARIES ON BRIDGE SEITLEMENT 
Surveys of bridge settlements involving several hundred bridges have been conducted by Moul­
ton let al. 1985), and by the Transportation Research Board (several authors, see TRR 678). 
These same sources are used in this synthesis, and other data from smaller, individual studies of 
bridges, and from studies of settlements of building foundations are added to these summaries. 
At the same time, there is only limited new data in the tables on settlements presented here. 
Therefore, the values of mean settlement computed in this synthesis should match the values of 
settlement reported by other authors. 

Summaries of Moulton's let al. 1985] field data on settlements are shown in Table 4-5 and Table 
4-6. Moulton's average values of settlement from field data are compared to the average values 
of settlement computed in this synthesis in Table 4-7. Two comparisons are made. First, the 
fractions of the population of settlement data less than 2 inches, and greater than 4 inches are 
compared. These are a measure of the form of the distributions of settlement data. The per­
centages for Moulton and for this synthesis are similar in all categories. The mean values of set­
tlements are compared as well, and it is found that the mean values from Moulton are higher 
than mean value in this synthesis. It is apparent that decision to exclude settlements greater 
than 4 inches from the computation of mean values has a noticeable affect on the mean value. H 
extreme settlements are included in the computation of the mean values, then the last column of 
mean values is obtained. By including the extreme values, the data analysis in this synthesis 
agrees with the presentation in Moulton. 

Settlement Data Points Percent Abutments Percent Piers Percent 

Oto2in. 336 56 184 49 152 69 
2 to 4 in. 120 20 98 26 22 10 
4to6in. 46 8 31 8 15 7 
6to8in. 43 7 20 5 23 10 

8 to lOin. 12 2 11 3 1 0 
greater than 10 in. 43 7 35 9 8 4 

total 600 379 
.. 

221 

Table 4-5 Distribution of Settlements of Abutments and Pier From Moulton let al. 19851 
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Category Data Points I Mean Set- Minimum Maximum 
tIement Settlement Settlement 

in in in 

abutments and piers 605 3.3 0.0 50.4 
on spread footings 388 3.0 0.1 42.0 

on piles 214 3.8 0.0 50.4 
abutments 376 3.7 0.0 50.4 

on spread footings 254 3.7 0.1 35.0 
on piles 122 3.9 0.0 50.4 

piers 226 2.5 0.0 42.0 
on spread footings 134 1.8 0.1 42.0 

on piles 92 3.6 0.0 18.0 

Table 4-6 Settlement Data From Moulton let al. 1985] 

%<2" %<2" % >4" % >4" 
Catel1;orv (Svnthesis) (Moulton) (Svnthesis) (Moulton) 
!Abutments and piers 60 56 28 24 
Pn spread footings 61 - 27 -
Pnpiles 57 - 30 -
!Abutments 65 49 21 25 
On spread footings 68 - 19· -
On piles 59 - 26 - -
Piers 52 69 39 21 
On spread footings 51 - 40 -
On piles 54 - 35 -

Table 4-7 Distribution of Settlement Data in Synthesis and in Moulton let a1. 1985] 

Mean Set- Mean Mean 
~tegory tIementin (Moulton) w/extremes 

in in 
~butments and piers 2.5 3.3 3.5 
On spread footings 2.6 3.0 3.4 
On piles 2.3 3.8 3.7 
Abutments 2.1 3.7 3.5 
On spread footings 2.1 3.7 3.2 
On piles 2.0 3.9 4.0 
Piers 3.2 2.5 3.5 
On spread footings 3.5 1.8 3.6 
Pnpiles 2.7 3.6 3.3 

Table 4-8 Comparison of Subset Data From This Synthesis and From Moulton let a1. 1985] 

I The total number of points for all substructures, abutments, and piers do not agree between Table 3.5.1 
and Table 3.5.2. This same discrepancy exists in the original Moulton data. No changes were made here, 
and hence this discrepancy was carried to this study. 
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Table 4-9 Summary of Studies 

10 bridges Inspected and Hkely causes 
ment were determined from present conditions of the II'"' 

prosents 

WAOOT 
I I ca.e settlements settlement dal 

OK DOT I 1989 I questioNlair responses Summaryof_il 
e equation bridges 

approach settlemenllrom brid~ aRe, , 

em-
TOHOOT 

1992 questionnair responses responses Summary of information obtained hom 
as bridge abut- e corrosion data inR; effectiveness of MSB walls for abutments. 3 studies 

case 
1991 Inspection bumpdatai Bump measurement at 1~ bridges 

pavement Texas). Observational inspection. Analysis 
th avement rowth. 

foundation data foundation data Data on bridge foundation types from Bridge Inventory sta-
for states tistics and other sources. Projections of future bridge con-

struction. 
examples 

reduction of field data. and footina and Di1in1t anal .. ls. 

I literature 
Imples Design of shallow and deep foundations, retaining walls. eri-

~ecifications teria for tolerable settlements of bridR;es. 
1982 I measuremen data Assessment of safely and performance of 148 bridges on at 

I least one spread footings in compacted. approach filts. Meas-
I urement of 28. 

Wheeler, J.R. et.1 
1981 I literature data bridge data Used data from literature and field measurements to deter-

analysis equations settlement data mine accuracy of six settlement techniques. 
monitor method sum· 
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42 Scholen, D.B. Non·standard stabUtzen PoresI5efy- 1992 ca .. data Perfonnance of stabilizers for soils and aggregates in 160 
ice measuremen miles 01 unpaved roads; performance and lab data 

I 

43 Chrislopher, B.R., Reinforced soil structures • FHWA 1990 literature procedures details for de- Guidelines and design evaluation for reinforced structures 
et al examples signs from reviews of lab tests, centrifuge tests, FEM, and full scale 

field 1.,10. 

44 Elias, V. Soil nailing lor highway slopes FHWA 1990 literature procedures design charts Summarization of state-of-the-art in soil nailing. Details on 
Juran., I. and excavations details soil friction materials and installation procedures. 

charts 
45 Nunan, T.A. Gravel stabilization UofME 1990 lesl1l data Small-scale tests of aggregate stabilizers in unpaved roads. 

Humphrey, D.H. FHWA 
46 Berg. ItR. MSEslopes FHWA 1993 literature Guidelines on design and specifications of geosynthetic me-

2uidelines chanically slabilized earth sl""". on firm foundations. 
47 - Yam reinforced soil Caltrans 1991 lab testing Triaxial testing of 6" x 14· samples with 0.2% to 1% yam 

data added.. More time spent on preparation of sample than coher-
ent results. 

48 Welsh,J.P. In-situ ground modification FHWA 1992 literature examples references Descriptions and notabJe ground modification projects. Vi-
costs broflotation stone columns, dynamic compaction. lU'Outina:. 

49 Bruce, D. Ground treatment and in-situ FHWA 1992 literature procedures Descriptions and procedures for grouting and soil cementing; 
reinforcement case case study 01 pinPiIes. 

50 Otristopher, B.1t Current research on geosyn- FHWA 1992 literature H&t List of present studies in geosynthetics, includes notable 
Hollz,R.D. ihetics studies. 

51 Koerner, ItM. Polymeric geogrid reinforce- Geolextile 1992 literature examples Descriptions 01 types 01 geogrids; slandard lesting proce-
Wilson Fahmy, It ment of embankments over Research lost details dun~5, installationi design; examples (part 3 of 4 on geogrldsl 

weak soils 
52 Hollz,R.D. Treatment of problem founda- NCHRF 1989 synthesis descriptions Design methods for nearly all types of foundation. Includes 

tions for highway embank- examples data from survey of 42 states. 
menlo 

53 Manning. D.G. Ilffect of ItSlfic induced vibra- NCHRP synthesiS Not really applicable to our interests. Vibration effects on 
lions on brid20 deck repairs newly placed brid20 overlavs. 

54 Reckard,M. Cost effectiveness of geotex- AKIlOT 1991 inspection procedure Alaskan road embankments reinforced with geotextiles (4 
tiles measuremen million sq. yds.) inspected. for effectiveness in preventing 

I crackinR: of pavement and differential settlement of Davement. 
55 Fowler,]. Geotextile reinforced em· . ArmyCotps 1989 case procedures Army Corps of Engineer's techniques for fabric8 reinforced 

bankments on soft foundations examples embankmenls (dikes). Ca .. studies 01 test sections and design 
_ .... '-......I .. 
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56 Huang. W.H. Bottom ash in embankments, Purdue 1990 lab testing proce- Testmg of 11 bottom ashes for use in highway projects. Seems 
subJU'ades and subbases FHWA dures more as a way of disoosal rather than iJ!lprovement. 

57 Koemer, RM. Geotextile specifications Drexel 1989 questionnair summary glossary Reviews specifications on geotextiles from 46 states. Interest-
Wayne,M,H. FHWA e glossary ing and poor specifications pointed out; sample modelspec9j 

design details 
58 Juran, I. et al Soil improve- LSU 1989 cases design methods name-brand Evaluation of short- and long-tenn performance of improve-

ment/reinfottement tech- FHWA literature geotextiles; ment technique5j advantage; and disadvantages; details and 
niques for highway embank- references best situations for use of techniques 
men .. 

59 Elias, V. Durability I corrosion of soil FHWA 1990 literature summary Testing procedures and equipment for determining corrosion 
reinforced. structures equipment rates in soils; characteristlcs of soils which determine carro--

slon 
60 various (split into ASCIl 1989 

individual refa) 
61 Holtz. R.D. Reinforcement of earth slopes NCHRP 1991 literature descriptions Large compilation of reinforcement techniques for earth 

and embankments slopes and embankments; internal and external stability 
checks for walls 

62 Voids beneath approach slabs CO DOT 1989 quesHonnair details details Summarization of retumed infonnation dealing with voids 
e specifications plans beneath approach slabs; includes slab and reinforcement de-

taUs. 
63 Burna, A.A. lime treatment for expansive TRB 1991 lab testing compression Expansive clays from Jordan lreated with lime and subjected 

TWlCet, B.R. clays results plots to various lab tests for compressibility, penneability, grain 
size, etc. 

64 Tuncer, E.R. Lime treatment for a cohesive TRB 1991 lab lesting Unconfined compression tests and others perfunned on soil 
Basma,A.A. soil results treated with different amounts of lime (3, 6, and 9%). 

65 Fletcher, C.S. Polypropylene fiber reinforced TRB 1991 literature lit summaries Summary of various literature dealing with fiber reinforced 
Humphries, W.K. soil lab test results soils; California Bearing Ratio tests on fiber-reinforced soils. 

. 66 Blight, G.£. Deterioration of Reinforced Geotechniqu' 1989 case data Details of soil and cOrultruction characteristics which led to a 
Dane M.S.W. Earth wall tomplex e details romplete deteriorstion of a Reinforced Earth wall complex-

67 Smith,A.C. Deterioration of Reinforced Geotechniqu 1989 CBse data Rebuttal to rec66. 
Earth wall complex e 

68 Hoffman, G.L. Long-tenn in..situ properties of PennDOT 1983 inspection data Comparison of 12 geotextiles exhumed from road subbases af-
Tu""""," R .eotextiles lab ter six vears with their orialnal properties. 

69 Chou, L (ed.) Lime stabilization TRB 1987 literature details Summary of improvements from lime addition to soil; con-
- ~-

struction procedures. __ ~ __ ~ _ 
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I Hollz, ItO. 
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73 I Vow, C.A. ReInI 
SloU,R.D. lems 

74 Duncan, ).M., el aI Reinl 

75 Bonaparte, R. Reinforced embankments over TRB 
Christopher. B.R. weak foundations 

76 Sakti,).P 
Das,B.M. la era 

77 Sarkar,S.K. Wick drains in clay TRB 

78 I Kyfor, Z. et al Prefabricated vertical drains TRB 
beneath an embankment 

81 

82 of TRB 

83 Fabric-reinforced embankmenl I TRB 

fills 

1987 I lilerature 

I 

1
1985 manual 

analysis FEM 

1987 analYSis FEM 

1988 I ca.e 
monitored. procedures 

ca .. data 
monitored 

data 

1980 I case 

1980 I case I construction 
measuremen data 

I 

consolidation 
fonnula; 
settlemel 

85 

of land from the sea; 
I du .... 

site; settlement monitored over 1 year, 
consolidation. 
Construction of hi2hwav embankment with vertical drains to 

foundation soils with geotextile interface; measured 

measure 
movement of abutments in approach fills; no results. 
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85 I Bonaparte, R., et SurvivabiHty and durability 01 A5CE 1988 cise testing 
01 a lab data 

1 I road subba.es. nonwoven tile 
86 Das,B.M. Shallow foundation on sand A5CE 1988 lab data I I Model tests of geotextile layer of various lengths at various 

of clay and sand fill. 

tests 
Lee.R. grid reinforced clay data ent compaction and g~xtile configurations monitored for 

4+j'ears. 
88 Hoover, T.P. Wick drains 1989 case data Monitored .,erlonnance of two types of wick drains 

89 Hussin. J.D. Soil improvement of one site 1989 case 
Ati.S. by three methods mooitor I I 1. umns, dynamic deep compaction,. and compaction grouting 

for improvement of one site. 
90 I Pew. 1.0 .• et al DurabiUty of polypropylene TRB case 

lab 
1986 cue 

92 Blacklock. J.R. Injection stabilization for em· TRB 1986 case data 3 sites where injection of lime grout was used to attempt to 
Wrlohl.P';. ban1cments UolArk slabilize failed embankments. 

93 Briaud. J.L. et al Pressuremeter for OredictinR TRB measuremen data Method for predicting settlements of shallow foundations 
I equations based on Menard's method using pressuremeter; results of 17 

• IY8is foolin .. on stiff clays . 
case data Old bridge with failing secondary m . 

RrOuled. 
anitar data Monitored project with vibroreplacement stone columns; sel-

analysis references tlement analysis by different methods compared to actuat af 

~tic settlement -
lions Con"",.s equations analvsls. 

97 Tan,CK. Settlement of footings on sand GeotEngng 1991 literature data Comparison of U settlement predictjon methods for Spl 

Duncan. J.M. Coo~ .na~is references footings on sand wilh 76 footings based on SPT data. 
98 Ameen.S.F. Settlement of inclined loaded Asian 1991 model data Small-scale model test results compared to predicted settle-

footings on sand CSMFE analysis ments from various methods. 
99 Okamoto. T. Settlements of laI'2e mat foun- Asian 1991 literature data ExpressioN developed to detennine maximum and differen-

CSMFE analysis equations tial settlements from 35 sets of data from literature. 
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Section 5 PREDICTION OF TOTAL SETTLEMENTS 
This section summarizes studies of the accuracy of predictions of settlements of structures. 
Predictions of settlement are important to the design and evaluation of methods intended to 
mitigate pavement faults. The ability to design for compatible settlements of embankments and 
structural foundations relies on predictions of settlement. An evaluation of the magnitude of 
pavement faults that may occur at a site relies on predictions of settlements. 

Settlement predictions for footings and for piles are presented and, where possible, sources in 
the literature are grouped by similar method of prediction. Studies of the accuracy of predic­
tions are reviewed. Mean error in predictions and variance of error are computed from studies 
found in the literature. 

This review contains seven categories of methods of prediction of settlement, includes work 
from 36 sources in the literature, and compares predicted and observed settlements for more 
than 1500 data pOints. 

A ratio of predicted settlement to observed settlement is computed. It is found that predictions 
of settlement are sometimes inaccurate. More important to the question of pavement faults, it is 
found that there is a significant variability in the relation of predicted to observed settlements. 
Predictions of settlement from generally accurate methods fail to estimate settlements of some 
foundations because of the inherently random nature of settlements. 

Randomness sets a limit on the reliability of predictions of settlements and makes it less likely 
that some differences in settlements, possibly causing pavement faults, can be identified at de­
sign time. 

METHODS FOR PREDIcrION OF SFITLEMENTS 
Methods of prediction of settlements are outlined. These are methods that have been used by 
other authors in studies of accuracy of predictions of settlements. Their work is compiled here. 
This synthesis goes on to an independent assessment or the accuracy of predictions of settle­
ments. Notations differ among literature sources. In this synthesis a common notation is 
adopted, and equations from individual papers are transcribe to this common notation. 

s Settlement 
N Blow count from standard penetration test (SPT), blows I it 
N' SPT value corrected for overburden pressure and presence of water table 
B Width of rectangular or square footing or diameter of circular footing 
L Length of rectangu!ar footing (L ~ B) 
q Applied pressure 
% Overburden pressure 

~ Cone penetration resistance 

E Soil modulus 
v Poisson's ratio of soil 
H Thickness of layer 
&t Incremental thickness of compressible soil layer 
D Depth of embedment of footing 
I Influence factor 
R Ratio of total settlement to initial elastic settlement 

Table 5-1 Notation for Predictions of Settlement 
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PREDICTION OF SE'ITLEMENT OF FOOTINGS. 

ELAsTICITY 

s '" (qB/E)'1 
Eq.5-1 

Soil behavior is elastic for applied loads that are much less than ultimate loads. Settlement is 
linearly proportional to load. The soil modulus, E, is determined from empirical relations with 
in-situ strength tests or from laboratory testing. The elastic settlement is adjusted by influence 
factors represented as the single variable I in Eq. 5-1. Influence factors reflect characteristics of 
the soil and footing, including: Depth of embedment of footing, thickness of supporting soil 
layer, shape of footing (strip, rectangular, square, circular), aspect ratio of rectangu1ar footing 
(length versus width), depth of water table, overburden pressure, Poisson's ratio for the soil, 
and creep of soil 

Variations of Eq. 5-1 for footings on sand include Berardi & Lancellota [19881 Bowles [1987], 
D' Appolonia [1968], and Papadopoulos [1992]. The variations depend primarily on the influ­
ence factors and the methods for determining the soil modulus. D' Appolonia [1971] and 
Skempton-Bjerrum [1952] use the elasticity approach to calculate the initial settlement on clay 
and then modify that by a factor or by adding additional terms (representing consolidation) to 
calculate the final settlement. 

STRAIN FACfOR 

Eq. 5-2 

The strain factor method calculates the settlement as the sum of the integration of strains of in­
dividual soil layers of height, &I, with each soil layer having its own modulus, E. The total set­
tlement is adjusted by strain influence factors, I, much like the elastic method. These individual 
layer settlements are summed over the entire compressible layer to a depth of at least two times 
the width of the footing (2B) below the footing. This method is similar to the popular Schmert­
mann method [1970] and the more recent method of Wahls-Gupta [1994]. 

COMPRESSIBILIlY CONSTANT 

s = l:{(1/C)ln(q/q,,)&I) Eq.5-3 

The compressibility constant method uses a coefficient (the constant of compressibility), C, the 
applied pressure, q, and the overburden pressure, en" to calculate the settlement for a number of 

layers. As in the strain method, settlements of individual layers are summed over all layers to a 
depth of 2B below the footing. The compression index is calculated from cone penetration test 
data (C = 1.5q,/ q,,) as in the Buismann-DeBeer method [DeBeer and Martens, 1957] or from the 
initial void ratio and the compression index, Cc, determined from consolidation tests as in 

Hough [1959] (C = (1+eJ/cJ. 

EMPiRICAL 

Empirical methods determine settlements from data on actual settlement data correlated with 
in-situ tests such as plate loading tests (Alpan [1964], Meyerhof [1965], Peck & Bazaraa [1969], 
Parry [1978], Terzaghi & Peck [1948]), standard penetration test data, N, (Alpan [1964], Burland 
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& Burbidge [1985], Meyerhof [1965], Oweis [1979], Peck & Sazaraa [19691 Parry [1977], Schultze 
& Sherif [19731 Terzaghi & Peck [1948]), pressuremeter data (Menard [1975]), and dilatometer 
data (Sdunertmann [1986]). Cone penetration data, used in Schmertmann's method and the 
Buismann-DeBeer method, are often converted to standard penetration data using emFirical 
correlations (best if done on a site by site basis). 

Empirical relations generally include one or more of the following parameters: 

• N', N - corrected or uncorrected blow count from SPT. 

• (2B/B+1)2, B/B. - empirical relations from plate loading tests that compare footing width, 
B, to a reference plate width, Bo (often 1). 

• q - applied pressure. 

• I - influence factors .. 

• a - exponent for parameters (i.e. N", Em, Bm). 

Correlations between in-situ data and actual settlements are discovered by regression analysis. 

OBSERVAnONALPROCEDURE 

set,) = II. + l:ll.s" Eq. 5-4 

The settlements at any time, t( are determined from settlements that have already been ob­
served. The coefficients are determined from consolidation theory. This procedure, developed 
by Asaoka [1978], cannot be used to predict the settlement of a structure that has not been con­
structed. However, this procedure may be useful in determining the potential magnitude of to­
tal settlement once an existing structure has begun to settle. 

PILES 

SINGLE PJ1.ES 

Methods for prediction of settlement single piles (Sazaraa & Kurkur [1986], Poulos-Davis [1965], 
and Yamashita et al. [1989, 1987]) are based directly or indirectly on Mindlin's first solution; an 
elastic solution. The basic equation is generally the same as that for footings, although it varies 
for each author. Bazaraa & Kurkur utilize plots and charts to allow the use of more influence 
factors in determining the settlement. 

PiLEGROVPS 

Settlements of pile groups are predicted with empirical relations. Equations proposed by Mey­
erhof [19'~1 treat pile groups as equivalent footings, using effective depth that is a fraction of 
pile lengths, and using in-situ tests (CPT or SPT) to determine settlements of groups. 

An alternative method is to calculate the ratio of pile group settlement to a single pile settle­
ment, A single pile settlement determined from a load test are multiplied by the ratio to deter­
mine the settlement of the group. The ratio equations depend on the length, diameter, and 
spacing of the piles within the group. Kaniraj [1993] reports on equations proposed by Meyer­
hof, Morgan & Poulos, and Skempton have all proposed ratio equations 

.Methods for the predictions of settlements are summarized in Table 5-2 
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Table 5-2 Methods of Predictions of Settlement 

Source Noles 
Alpan, 1963 Empirical using SPT and plate test relations 
• = 4a"P 1(B+1)'I, Footings on sand 

Parameters 
a.. (in.fe lton) = inverse of modulus of compre5S1bility 

decreases with decreasing N 
range: 0.01-+ 0.15 

~ = shape influence factor 
increases with increasing LIB ratio 
range 1 -+ 2.36 

N corrected for very fine or silty sand of moderate density be-
low groundwater table: N' = 15 + 0.5(N - 15) 
forN>15 

Asaoka,1978 Observational 
S, = ~. + LJI..s;< Footings on clay 

k= 1 . .n Parameters 
p~.,p" determined from consolidation theory 
.. = settlement at time ~ 

Bazaraa & Kurkur, 1986 Elastic • iterative approach using plots and clulrts 
Single piIes on any soil 
Parameters 

pile diameter 
pile length 
pile type (Prepakt, Bauer, etc.) 
loading 
soil 
insta1Iation method 

Berardi & Lancellotta, 1994 . Elasticity 
s = (q'- q,,1BIE Footings on sand 

Parameters 
I = influence factor related to foundation shape, Poisson'. ratio, 

and layer thickness 
E = KJ'.[O.5(q' + q" lIP.]" 
q,:, q' = initial and final value of vertical effective stress @ 

depth = 1/2 of the active zone depth, within which 
the majority of sett1ement occurs 
IK..p. are unclear) 

Bowles,1987 Elastic 
• = qB(14)~I,/E Footings on sand 

Parameters 
I, = influence factor = F, + [(1- 2v)/(1- v)]'F, 
F, = non-dimensional factor 

increases with increasing HIB 
range: 0.036 -+ 1.941 

F2 = non-dimensional factor 
decreases with increasing HIB 
increases with increasing LIB 

I, = influence factor [Fox, 1948] 
increases with increasing LIB 
decreases with increasing DIB 
increases with increasing v 

E = soil modulus 
range: 2.5q. -+ 3.5q, (from CPT data) 
10(N + lsi, ksf (from SPT data) 

Buisman-DeBeer, 1957 Compressibility coefficient 
s = L[(l/qln(q/q.)h] Footings on sand 

Parameters 
C = 1.5q./q" (from CPT data) 
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Soun:e Notes 
Burland &< Burbidge, 1985 Empirical using SPT 
s = 1.71 I,l,.l. q'B'" IN", DUn Footings on sand 

nonnally consolidated sand Parameters 
s - 1.71 I,l,.l.(q' - 2/3 q.1l1'" INu

, mm B = footing width, m 
overconsolidated sand q = footing pressure, kN/m' 

s = (1I3)1.71I.I,l.q'S'·' IN"', DUn 1. = shape influence factor =[(1.25 L/B)/(L/B + 0.25)]' 
overconsolidated, q' < q.' depends on LIB 

range: 1 ..... 1.56 
I, = layer thidatess influence factor = (H/.)(2 - HI.) 

depends on layer thickness, Ii, and depth of influ-
ence,z 
range: 0 .... 1 

1. = time facto< = 1 + R, + R,log(1/3) 
R, = percentage of time-deperuient settlement during first 3 

years 
R, = percentage of time-dependent settlement during each log 

cyde of time after 3 yoars. Depends on soil type 
range: 0 ..... 1 

D' Appolortia, 1970 Elastic 
s=qBI/M Footings on sand 

Parameters 
M = soil modulus 

increases with incroasing N (SPT) 
I = infIuenoe factor from Janbu, 1959 

depends on LIB, DIB, HIB 

D' AppoloNa, 1971 Elastic 
~~RqBI/E. Footings on clay 

Parameters 
~ = iniIial clay settlement 
R = ratio of initial settlement to elastic settlement 

decrease with increasing q/q. 
increases with increasing I, initial shear stress ratio 
increase slig/Itly with decreasing H/B 
range: R > 1.0 

f = initial shear S-. ratio = (1-K,)/C2S./q.1 
s. = undrained shear strength 
E = soil modulus 

range: 10005 ...... 15005. for lean inorganic clays 
lower for highly plastic and o.ganic clays 

'I.' = initial stress (before loading) 

GUoud,I972 Elastic 
s=qB/E·I Footings on any soil 

Parameters 
1= infIuenoe factor (from tables). Depends on v, LIB, B/H 

Hough. 1959 Compressibility coefficient 
s = 1l(1/Qln(q/q.)h] Footings on sand 

Parameters 
C=(I+eJ/c, 
e. = initial void ratio 
c; = virgin oompression index 
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Source Notes 
Kaniraj,1993 Pile group ratio for sand 
R.=N.,IR.' Parameters 

R,; = 1.128[(m-I)(n-l)t' /(1+2(L/D)tan9)' + (m+n-
2)t! (I +2(L/D)tan9)+ I]'" = ratio for equal stress 

N. = number of piles 
m = (number of rows of piles) 
n = (number of columns of piles) 
L = embedded length of pile 
9 = loan dispersion angle" 7" 

Menard, 1975 Empirical using pressuremeter 
s, em = (2/9E,)qB,(I.,(B/B,»" + (a/9E,)qI"B Footings on any soil 

B>6Ocm Parameters 
s, em = (2/9E,)qB,~," + (a/9E,)qI"B Q= factor related to soil type 

B<6Ocm 0.25 --.1.0 
B, = reference width = 60em 
I., = shape influence factor 

increases with increasing L/B 
range: 1 --. 2.65 

I" = shape influence factor 
increases with increasing L/B 
range: 1 --. 1.5 

E, = E, (modulus of top layer within depth of influence) 
E. = weighted series average of soil moduli for layers within 

depth of influence upper layers are weighted higher 
a (W1IUIIIled factor) 

depends on soil type 
range: 0.25 --. I 

Menard. 1975 Empirical using pressuremeter 
s, em = lo(q' /E)B,(I.,(B/Bj)" Single piles with diameter less than 2m on any soil 

60cm < B < 200cm Parameters 
s, em = lo(q' /E)I,," B< l" = embedment depth influence factor = 1/[{1.6 --. O.2}D/Bj 

30cm q' = stress at butt of pile 
~ = shape influence factor 

1 (circular) 
1.12 (square) 

Meyerhof, 1965 Empirical using SPT 
s=Bq/N B<4ft Footings on sand 
s = 12[B/(B+l)j'/N B > 4ft 

Meyerhof, 1976 Empirical using SPT 
• = 2qB"'I"tN Pile groups on sand 

(multiply by 2 for silty sand) Parameters 
q = net foundation pressure, Tsf 
B = width of pile group, ft 
N' = SPT blow count corrected within seat of settlement (D < B) 

, l" = embedment depth influence factor = 1- D' /(8B) > 0.5 
D' = effective depth of pile group 

Meyerhof, 1976 Empirical using CPT 
s = qBlo/(2'l.) Pile groups on sand 

Parameters 
l" = embedment depth influence factor = 1- D' /(8B) > 0.5 
D' = effective depth of pile group 

Meyerhof, 1959 Empirical 
R,. = t(5 - t/3)/(1 + l/n)' Pile group ratio 

Parameters 
t = ratio of spacing between adjacent piles to diameter of pile 
n = number of row. of pile for a square pile group 
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So"," No ... 
NAVFAC,I983 Empirical 
s = (4qB/I)(B'/(B+1)~ B <20' Footings on sand or clay 
s - (4qB/I)(B'/(B+1)') B>4O' Parameters 
interpolate for values of B between 20' and q (tonsl h'), B (ft) 

40' I (in·ronslh') = influence factor 
depends on soil type and relative density (sand) or 

unconfined compressive strength (clay) 
increases with increasing sand density or clay stiff. 

ness 
range: SO -+ 350 

Oweis, l979 Empirical 
s = 2(qB/E)II FooIings on sand 

Parameters 
I = influence factor, determined for each layer 

depends on N-value, effective vertical stress in loyer 
correction for blow count 

N' = 4N/(1 + 2a.1 0: < l.5ksf 
N' = 4N/(3.25 + 0.5a.1 a.,'> l.5bf 

Papadopolous, 1992 Elasticity 
s-qBl/E FooIings on sand 

Parameters 
I = influence factor 

depends on stress history, D/B, LIB, loading, E vs. q' 
E = E,. +),q' (0 d. < E,.Iq1 
E. = initial modulus /rom ........ strain curve of consolidation 

... t 
E can also be detennined by in-situ tests (). = 0) 

Parry,1977 Empirical using SPT 
s=300qB/N. Footings on sand 

Paramo_ 
N. = N conected for oved>urden pressure = N(a.1,1(0. '), 
(0.1, - effective overburden 0 O.75B below footing 
(a.,), a effective overl>urden 0 depth N is measured 

Parry, 1978 Empirical using SPT 
s = s,(B/B,)[(N,,),1(N..),)I, Footings on sand 

Parameters 
s,=sett1ementofplate 
B, = width of plate 
(N..), = N-value (blow count) for plate test 
(N..), = N-value for footing 
N. = woishted aVftll8" = (3N, + 2N, + Njl6 
N,=N@0-+2/3B 
N,=N02/3B-+4/3B 
N,=N@4/3B-+2B 
I. = excavation correction for foundations in excavations not 

backfilled increases with increasing D.lB 
(0. = depth of excavation) range: 1 ~ 4 
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Source Notes 
Peck and Bazana, 1969 Empirical using SPT 
s = I,.!,,(2q/N')(2B/(B+I)') Footings on sand 

Parameters 
I.. = water table influence factor 

range: 0-+ 1 
I., = embedment influence factor = 1- O.4(yO/q)tl2 
q (tons 1ft'), B (ft) 
N' = N corrected for overburden pressure 
Y= unit weight of soil (pcf) 
D = depth of footing embedment 

Poulos-Davis, 1965 Elasticity 
s=Pl/LE Single piles 

Parameters 
I = influence factor depending of LId, H/L 
L = length of pile 
d = diameter of pile 

Randolph and Wroth, 1974 Single piles 
s = P(I- v)/(2dG) Parameters 

d = diameter of pile 
G = shear modulus of soil 

Schmertmann, 1970 Strain factor 
s = Wq - q,)l:(VE)h Footings on sand 

Parameters 
I. = overourden influence factor = 1- O.5[q.l(q - q,) > 0.5 
I, = creep influence factor = I + O.21og(tlO.I) 

tinyears 
I. = influence factor (I + v)[(I- 2v)A + F] 

depend on A and F which vary with LIB and depth 
of layer h 
range: 0 .... 7 

E = 2q" (from CPT) 

Schmertmann, 1986 Empirical using dilatometer 
s = l:(~a:·h/M) Footings on any soil 

Parameters 
M: = increase in vertical effective stress in layer after load is 

applied 
M = modulus from dilatometer 

Schultze &: Sherif, 1973 Empirical 
s = qI,,/[U4N(B/B,)"il/(l + 0.4D/B) Footings on sand 

Parameters 
IH = thickness of layer influence factor 

depends on H/B < 2 
B, = lem 
B = footing width, em 
q = mean contact pressure, kg/ on2 

Skempton, 1953 Empirical 
R. = [(4B + 2.7)/(B + 3.6)]' Pile group ratio for any soil 

Parameters 
B = pile group width, m 
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Source Note. 
Skempton-Bjerrwn, 1952 Elastic 
s = qB(I-v')~IH + "s. Footings on clay 

Parameters 
s .. = _ from oedometer 
,,=A+a(I-A) 

increases with increasing A 
range: 03 --+ 1-2 

A :z pore water pressure coefficient 
incrooses with clay sensitivity (heavily overconsoli-
dated to very sensitive) 
range: 0 --+ 1.2 

a • coefficient 
incre .... with H/B 
range: 0 (H/B . 0) --+ 0.25 (HIS --+-) 

Terughi and Peck Empirical using SPT 
s = (3q!N)(2S/(B+l)') Footings on sand 

Parameters 
q (tons/ft'), B (ft) 

Vesk,I967 Empirical 
R, = (B/Dr Pile group ratio on any soil 

Parameters 
B ~ width between centers of two edge pi!es 
D . depth of piles 

Wahls-Gupta, 1994 Strain factor 
• • qlll·h/(E(q,' + q112)"'») Footings on sand 

Param ...... 
E = 43.8(1 + v)I«p.J'" 
K • coefficient 
p_ :::o: atmospheric pressure (refEidlCE pressure) 
I = influence factor = (1 + .)[1. - 3vI,.) 
I,. I,. = influence factors from Bouissinesq 

Yamashita, 1987 Elastic 
.... = J,.,JE,.d F.'I(r.) Single piles or pile groups on any soil 

Parameters 
.... . vertical displacement of soil adjacent to the Kth element 

of the ith pile due III F. 
1", • displacement influence factor with respect to the ith ele-

ment of the Kth pile due III F. 
E,. ~ equivalent elastic modulus of soil between the ith and jth 

layers 
d = pile diameter 
F • • interaction fom> acting on the jth element of the Lth pile 
r" • horizontal dist3nce between the Kth pile and Lth pile 
'I(r.) = conection function 

range: less than 1.0 
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COMPARISON OF PREDICTED AND OBSERVED SETTLEMENTS. 
The performance of predictions of settlement is measured both as accuracy and as variability. 
Predictions of settlement should be accurate in the mean, and also accurate for individual foun­
dations.. Because settlements themselves are random, accuracy in the mean is more easily 
achieved than accuracy in predictions for individual foundations. 

Predictions are normalized against observed settlements yielding a settlement ratio Rp 

Rp = Spre 
SObs 

Eq.5-5 

For Rp, a value of 1.0 indicates that the prediction matches the observation. Values greater than 

1.0 indicate that the prediction is larger than the observation. Settlement ratios are computed 
for comparisons of predicted and observed settlements that have been reported in the literature. 
Work under this synthesis does not attempt to compute settlement, but only to work with set­
tlements computed and reported by others. 

For each study of settlements, settlement ratios Rp are computed for all data together with mean 

ILp and median mp values, and standard deviations ap of settlement ratios. Settlement ratios 

are listed in Table 5-3. Predictions of settlements are generally conservative. In the mean, set­
tlements are overestimated by 64%. The median overprediction is 20%. Figure 5-1 shows mean 
settlement ratios and a range of ± one standard deviation. Figure 5-2 shows all data pOints. In 
Figure 5-2 note the change in y-axis and the presence of outliers for settlement ratios. Predic­
tions are scattered. Even for methods that have a mean settlement ratio near 1.0, fully accurate, 
settlements of individual foundations may be overestimated by a factor of 4 or more. 
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Figs CategOIY Source I Data Rp RpM ... Rp 
Method Points Mean dian COY 

2.1, All sources All 1522 1.64 1.20 C.83 

2.2 
2.3, Overall Observational 23 0.91 0.85 0.45 

2.4 method Strain factor 144 1.36 1.12 C.54 

perfonnance Compressibility coefficient 152 1.65 1.42 0.75 
Elasticity 440 1.28 1.05 0.72 

Empirical' 478 1.24 1.09 0.58 
Empirical 764 1.92 1.36 0.84 

2.5, Methodsfor Oweis,l979 10 1.65 1.59 0.36 

2.6 footings D' Appolonia, 1971 11 1.20 1.03 0.35 
Pany, 1977 13 0.88 0.85 0.37 

Schmertmann. 1986 16 0.97 1.13 0.32 
Skempton-Bjerrum, 1952 17 1.18 1.10 0.22 

Hough. 1959 20 1.78 1.85 0.35 
Asaoka,1978 23 0.91 0.85 0.44 

Peck &: Bazaraa. 1969 30 0.73 0.64 0.56 
Menard. 1975 31 1.07 1.03 0.38 

Wahl.Gupta, 1994 31 1.13 0.98 0.53 
Bowles,1987 48 2.25 2.28 0.44 

Schultze & Sherif, 1973 56 0.97 0.97 0.33 
Papadopoulos, 1992 61 1.08 0.99 0.32 

Meyerhof, 1965 74 1.52 1.50 0.32 
Schmertmann.197O 113 1.43 1.18 0.53 

Alpan.l964 118 3.44 3.02 0.44 

Berardi & Lancellotta. 1994 125· 1.06 0.83 0.76 

Buismann-DeBeer, 1957 132 1.63 1.32 0.80 
D' Appolonia, 1970 135 1.28 1.05 0.87 

Burland & Bud>idge, 1985 145 1.45 1.24 0.63 

Terzaehi & Peck, 1948 168 2.77 2.43 0.66 

2.6, Elasticity D' Appolonia, 1m 11 1.20 1.03 0.35 

2.7 methods for Skempton-Bjerrwn.1952 17 1.18 1.10 0.22 

footings Bowles, 1987 48 2.25 2.28 0.44 

Papadopoulos, 1992 61 1.08 0.99 0.32 

Berardi & Lancellotta. 1994 125 1.06 0.83 0.76 

D' Appoloni" 1970 135 1.28 1.05 0.87 

2.8, Empirical Oweis,l979 10 1.65 1.59 0.36 

2.9 methods for Party,l977 13 0.88 0.85 0.37 

footings Schmertmann. 1986 16 0.97 1.13 032 
Peck & Bazar,a, 1%9 30 0.73 0.64 0.56 

Menarcl, 1975 31 1.07 1.03 0.38 
Schultze & Sherif, 1973 56 0.97 0.97 0.33 

Meyerhof, 1%5 74 1.52 1.50 0.59 
Alpan,l964 118 3.44 3.02 0.44 

Bu~~idge, 1985 145 1.45 1.24 0.63 
T . & Peck, 1948 168 2.77 2.43 0.66 

2.10 Methods for Meyerhof, 1976'" 15 1.51 1.58 0.32 

2.11 piles Meyerhof, 1976"" 16 1.21 1.08 0.30 
Yamashita, 1987 22 1.37 1.29 0.36 

Bazaraa & Kurkur, 1986 72 1.01 1.00 0.34 

Table 5-3 Summary of Settlement Ratios 

Six types of settlement predictions are compared in Figure 5-3 and Figure 5-4. Observational 
methods that rely on an extrapolation of settlement that have already occurred appear to "ffer 

t without Alpan and Terzaghi & Peck source data 
CPT Uses CPT data 
'PI" Uses SPT data 
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the most accurate and least scattered predictions. Empirical methods relating blowcount to set­
tlement may be the least accurate and the most scattered. 

Predictions ·of settlements of footings are shown in Figure 5-5 and Figure 5-6. Predictions for 
settlements of footings by elasticity methods are shown in Figure 5-7 and Figure 5-8. Empirical 
methods for settlements of footings are shown in Figure 5-9 and Figure 5-10. Predictions for 
settlements of piles are shown in Figure 5-11 and Figure 5-12. 

A similar, though smaller, review of predictions of settlements for footings is reported by Gif­
ford ret al. 1987]. Data presented by Gifford are compared to data compiled in this synthesis 
(Table 5-4). Gifford found some predictions that underestimated settlements. The data compi­
lation in this synthesis finds no similar underestimates. Small size is an issue (discussed below). 
Settlement predictions are found to be less accurate, and more conservative, in larger compari­
sons. 

Gifford let al. 1987) This S nthesis 
Method Footings Rpmean Footings Rpmean 

Strain factor 30 1.35 144 1.36 
Comjlressibility coefficient 20 1.78 152 1.65 
Elasticity 30 0.97 440 1.28 
Empirical 60 0.85 478 124 

Table S4 Comparison with Gifford's Evaluation of Settlement Accuracy 

Settlement ratios are not strongly affected by the magnitude of real settlements. In Figure 5-13 
and Figure 5-14 mean settlement ratios are plotted against mean observed settlements. Figure 5-
13 shows all data, include four studies of large settlements. Figure 5-14 shows the subset of data 
at observed settIements less than 2.0 inches. There is no apparent trend in settlement ratios as a 
function of settIement magnitude. The absence of large settlement ratios for large real settIe­
ments is not conclusive because there are so few points at large settlement. 

Mean settlement ratio is weakly correlated with the number of points in a data set (Figure 5-15). 
There is a small tendency for larger mean settlement ratio for larger data sets because there is a 
greater probability of encountering some outliers. Median settlement ratio has no correlation 
with the number of data points. 

The scatter in predictions is expressed as the coefficient of variation of Rp. COY values are 

shown in Figure 5-16 for all data and for footings and piles as separate categories. Many studies 
have a COY of about 0.4. COY yields a measure of how much a prediction of settlement may 
differ from the settlement for an individual foundation. The settlement ratio Rp is not corre­

lated with COY of total settlement (Figure 5-17), and the COY of settlement ratio is not corre­
lated with the mean magnitude of settIements (Figure 5-18 and Figure 5-19). 

COY of settlement ratio Rp is strongly correlated with the number of data points (Figure 5-20). 

The accuracy of different methods for prediction of settlement then must be considered in the 
light of the size of studies of methods. Relatively good performance of some methods may be 
an artifact of a small population of settlements. 

SIGNIFICANCE 

The potential for the appearance of pavement faults at individual projects may be estimated by 
computation of the expected settlements of abutments and of embankments. Predictions must 
be accurate. 
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Present-day methods for prediction of settlement are conservative, rather than accurate. Many 
methods overestimate settlements by only 20% or 30%, but settlement predictions, in the aggre­
gate overestimate real settlements by more than 60%. Overestimation of settlements by 60% is 
the mean performance of methods of prediction. Most methods will overestimate settlements 
by a factor of 2 or 3 for some foundations. Conservative estimates may be useful as limits in 
design of structures, but they are less useful in the prediction of pavement faults. The general 
finding here is that the ability to predict settlements in the course of normal design process may 
not be sufficiently accurate for the assessment and mitigation of pavement faults. 
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Figure 5-5 Settlement Predictions for Footings 
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Figure 5-7 Performance of Settlement Prediction for Footings - Elasticity Methods 
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Figure 5-9 Performance of Settlement Prediction for Footings - Empirical Methods 
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Figure 5-11 Performance of Settlement Predictions for Piles 



University of Colorado at Boulder 

6.0 

5.0 

4.0 
0 e -c: 

3.0 co 
E 
co .. 
co 
'" 2.0 

1.0 

0.0 

... 

... + 

i ... ... 

* + ... 
i f 

* ... 
[1] [2] [3] [4] 

setUement prediction sources 

[3] Yamashita. 1987 [1] Mayemof, 1976 
[2] Meyerhof, 1976 [4] 8azaraa & Kurkur, 1986 

Figure 5-12 Performance of Settlement Predictions for Piles 

117 



118 University of Colorado at Boulder 

4.0 

0 

3.0 

.2 
0 

]! -c 
CD 0 
E 

2.0 CD 
E 
'" .. 
c 
til ~ 
CD 
E 

.1.0 ~ 0 0 0 

0 

0.0 
o 10 20 30 40 50 60 

mean magnitude of observed settlement (s, inches) 

Figure 5-13 Performance of Settlement Prediction versus Settlement Magnitude 



University of Colorado at Boulder 119 

4.0 

( 

3.0 

,g 
I!! 

0 

-c: 
~ 

2.0 Q) 

~ 
OJ 
c: ., 

0 

0 0 

o 0 0 0 

~ 
1.0 

0 
0 

0 

0 0 0 0 

0.0 
0.0 0.5 1.0 1.5 2.0 

mean ma!1lltude of observed settlement (s, inches) 

Figure 5-14 Pedormance of Settlement Predictions versus Settlement Magnitude 



120 University of Colorado at Boulder 

3.5 0 

3.0 

0 

2.5 

~ 0 

E 2.0 CD -E 0 
~ 0 0 CD ., 1.5 0 0 
c: 0 0 0 

'" CD a-e 0 E 8 1.0 
0 

0 0 
0 

0 0 

0 

0.5 

0.0 
0 20 40 60 80 100 120 140 160 180 

number of data points 

Figure 5-15 Performance of Settlement Prediction versus Number of Data Points 



University of Colorado at Boulder 121 

1.0 

0 0 

0.8 
0 0 

0 

'iii 
~ 

0 0 
0 0 - 0.6 c ., 

E 

i ., 
g g 
0 0 

'0 0.4 

~ 
0 I 8 i 

0.2 
0 0 

0 0 

0.0 
afl data piles footings 

Figure 5-16 Coefficient of Variation for Settlement Predictions 



122 University of Colorado at Boulder 

4.0 

0 

3.0 

.Q 
0 

OJ 
~ 

1:' ., 0 
E 2.0 II) 

i 
U) 

c: as 
0 0 

0 0 0 0 ., 
E 

1.0 

0 

o~~O 
0 

0 
0 

0 
0 

0.0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

coefficient of variation of observed settlement 

Figure 5-17 Performance of Settlement Predictions versus COV of Settlements 



University of Colorado at Boulder 123 

1.0 

0 

.Q 
0.8 a; 

~ 

"E 
0 0 

~ 
~ 0.6 
OJ 

'l5 
c: 
.Q 

0 
0 

1<>0 

~ 
a; 
~ 0.4 
> 
'l5 -c: 

~ 0.2 CD 

0 0 

~ 0 
0 

0 

0 

" 

0.0 
o 10 20 30 40 50 60 

mean magnitude of observed settlement (s, Inches) 

Figure 5-18 COY of Settlement Prediction versus Settlement Magnitude 



124 University of Colorado at Boulder 

~ 
C 
CD 
E ., 
E 
CD ., 
'0 
c: 

~ .;: .. 
> 
'0 -c: 

~ 
CD 
0 

" 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
0.0 

00 
0 

0 

0 

u 

0 
0 0 

0 

0 
0 0 

0 
0 

0.5 1.0 1.5 

mean magnitude of observed settlement (s, inches) 

Figure 5-19 COV of Settlement Prediction versus Settlement Magnitude 

0 

0 

0 

2.0 



University of Colorado at Boulder 125 

0.9 
0 

0.8 0 

0.7 

0 0.6 1a --c: 
m 0.5 E 

i 0.4 ., 
(; 
> 
0 0.3 0 

0.2 0 

0.1 

0.0 
0 20 40 60 80 100 120 140 160 180 

number of data points 

Figure 5-20 COV of Performance of Settlement Prediction versus Number of Data Points 



126 University of Colorado at Boulder 

~ -'" CD 
E 
CD 

~ ., 
'0 
c 
0 

'iii 
-.::: 
III 
> 
'0 
1: 
.!!1 

~ 
8 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
0.0 

0 

0 0 

~ 

~ 
0 

0 
0 

0 

~ «b O 0 0 

0 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 

coefficient of variation of observed settlement (s, inches) 

I~r regntSlion correlation CIOel'llcMnt • 0.68 

Figure 5-21 COV of Settlement Prediction versus COV of Settlements 

4.0 



University of Colorado at Boulder 

Section 6 DIFFERENTIAL SETTLEMENTS IN BRIDGES 
Differential settlements cause pavement faults. Differences in total settlements of approaches 
and abutments are sensed as bumps by traffic. Large differences in settlements are a problem. 
Large total settlements, if equal for approaches and for bridge substructures, are not a problem. 
There are two implications of these statements. First, the computation of expected pavement 
faults for a bridge is necessarily the computation of expected differential settlements. Second, 
pavement faults are mitigated by reducing differential settlements. Total settlements might re­
main large. In particular, abutments can be supported on spread footings on the compacted 
embankment fill to mitigate pavement faulting. For such mitigation, the tolerance of the bridge 
superstructure for settlements of the abutment becomes the main concern in design. In addi­
tion, the design checks for the superstructure must use rational values of expected differential 
settlements among bridge substructures. These differential settlements not necessarily a fixed 
fraction of total settlements, but instead may be related to total settlements, variance in total 
settlements and spatial correlation of total settlements. 

In this section, a new method for the estimation of differential settlements is developed. It is 
found that differential settlements are strongly correlated with the variance in total settlements. 
Mean values of differential settlement can be computed, and bounds on differential settlement 
for any level of probability can be identified. Relations for expected values of differential set­
tlement and for bounds on differential settlements are developed. 

This section goes on to examine spatial correlation in total settl!!ments and uses field data from 
several projects to form spatial correlation functions. Spatial correlation in total settlements 
shows that adjacent foundations will settle in a similar manner and therefore will exhibit rela­
tively low values of differential settlement. Foundations that are farther apart are more likely to 
settle differently, and to have larger difference in settlements. 

DIFFERENTIAL SETILEMENTS 
Statistical predictions of differential settlements and the development of functions of spatial cor­
relation in settlements are developed from data on total settlement of bridges in service. The 
data on differential settlements of bridges are sparse. Limited data are available as summaries. 
More data are available on total settlements. Moulton let al. 1985) provided a summary of dif­
ferential settlements for bridges. Data in Mou,iton indicate a median value of differential settle­
ment of 1.3 inches. This value is equal to the median value of total settlement of abutments on 
piles, and differs by 0.1 inches from the median total settlement of all bridge substructures. 
Moulton finds th.at total settlements and differential settlements are equivalent. This equiva­
lence is possible if non-zero settlements occur for one substructure in each bridge. Earlier work, 
such as the 1RB survey of settlements reported in 1978, dealt primarily with total settlements 
and implicitly relied on an equivalence of total settlements and differential settlements. 

The study in this synthesis of relations between differential settlements and total settlements 
uses data on total settlements at two or more substructures of the same bridge. From such data, 
mean values and standard deviations of total settlements are compared to differences in total 
settlements. The comparison is basis of a proposed method for prediction of differential settle­
ments. 

TIDRTY THREE HIGHWAY BRIDGES 

literature sources that offer data on total settlements at two or more bridge substructures are 
used for a study of relations between total settlements and differential settlements. Of the sev­
eral hundred bridges reported in literature sources, many offer data on total settlements at a 
single foundation, or on differential settlements without separate data on total settlements. 
Only thirty three bridges are reported with data on total settlements of at least two substruc-
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tures. Twenty one bridges (of thirty three) offer settlements at four or more substructures. The 
thirty three bridges include both steel and concrete superstructures and a range of spans from 
53 feet to 775 feet. Most of the foundations are shallow foundations, but piles are represented in 
three of the bridges. The bridges are located in North America or in Europe. Studies of these 
bridges were conducted as many as fifty years ago and as recently as ten years ago. Information 
on the thirty three bridges is listed in Table 6-1. Also included in this study of differential set­
tlements are two building projects. Both buildings are supported on footings, and both offer a 
large number of foundations with data on total settlements. 

Settlement data for the thirty three bridges are shown in Table 6-2. The table shows the name of 
each bridge together with the number of foundations (Fnds) where total settlements are re­
ported, the maximum total settlement (M,), the mean total settlement (~,), standard deviation of 
total settlements (0",), coefficient variation (COV,) of total settlements, and the maximum (MD) 

and mean values (~D) of differential settlement. 
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Table 6-1 Summary of Bridges with Detailed Settlement Data 

Name Bridge Location/Description Bridge Built Type Spans Foundations/soils 
ID 

Afsnee Bridge over the Motorroad Brussels- - 1941 Reinforced con- 3 spans Shallow foundations in 
[DeBeer, 1948] Ostend at Afsnee crete continu- total 175 ft clayey sand 

ousbeams 
Baarlevelde SI. Bridge over the Brussels-Ostend Motor LXXII 1954 - - Shallow foundations in 
[DeBeer &; Martens, Road in the 'Baarlevelde' Street at Oron- sand 
1957] gen 
Branch Ave Branch Avenue, Northeast Corridor, 931 1984 - 4@120 ft Footings in medium-
[Gifford, et aI., Providence, RI fine sand 
1987] 
Buckland SI. CD-WB Roadway and Ramp lover 76-88-9 1984 Simple span 1@146ft Footings in sand and 
[Gifford, et aI., Buckland SI. (1-86), Manchester, CT some silt 
1987] 
Burlington Bay Burlington Bay Skyway, Canada - 1966 - North side: Piers on footings and 
Skyway 16@53ft piers on piles in com-
[Matich &; Stermac, 9@94 ft pact and dense sand 
1971] 6@179ft 

3@217ft 
2@275ft 
Midspan 
1@500ft -
South side 
same as 
North. 

Dickerman Road 1-691 under relocated Dickerman Road, 131-132- 1985 Simple span 1 @ 128 ft Footings ill fine sand 
[Gifford, et aI., Southington/Cheshire, CT 11 and silt 
1987] 
Farmington River CT-185 over Farmington River, Sims- - 1953 Simple span 1 @224ft Piles in silt and Iilw 
[Keene, 19761 bury, CT sand 
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Name Bridge Location/Description Bridge Built Type Spans Foundations/soils 
ID 

Folly Brook CT-15 Expressway over Folly Brook - 1941 - 2 spans Abutments on shallow 
[Keene, 1976) Boulevard, Wethersfield, CT foundations in clay, 

pier on piles 
Gavere Brussels-Ostend Highway over chaussee 18 1952 Simple span 1 @44 ft Shallow foundations in 
[Mariovet, 1953) de Gavere at Merelbeke sand 
Gersoni Road Relocated Gersoni Road. Route 28 over 5 1984 - 2@112ft Footings in coarse-fine 
[Gifford, et aI., D&:H Railroad and Route 7, Colliersville, sand and silty sand 
1987) NY 
Gentbrugge Bridge over the railway around Ghent in - 1940 2 continuous 1 @39 ft Shallow foundations in 
[DeBeer, 1948) the Highway Ghent-Brussels at Gent- spans 1 @ 78 ft sand 

brugge 1 simple span 1 @78 ft 
concrete 

Ghent-Kortruk Rd Bridge on the Brussels-Ostend Motor 14 1951 Simple span 1@113ft Shallow foundations in I 
[Mariovet, 1953) Road over the Ghent-Kortruk Road at SI. sand 
[DeBeer &: Martens, Denys-Westrem 
1957) 
Highway No. 70 Bridge over the Motorroad Brussels- XLIII 1941 Concrete 2@43ft Shallow foundations in 
[DeBeer, 1948) Ostend in the Highway No. 70 at sand 

Beernem 
HueyP. Long Huey P. Long Bridge over the Missis- - 1935 - 1@775 Piers on caissons in 
[Klmball,1940) sippi River, New Orleans 1 @525 clay 

I @500 
1@325 
(other 
spans not 
reported.) 

Hundelgem Brussels-Ostend Highway over chaussee 19 1951 Simple span 1-55 ft Shallow foundations in 
[Mariovet, 1953) d'Hundelgem at Merelbeke sand 
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Name Bridge LocationlDescription Bridge Built Type Spans Foundations/soils 
10 

Keuze Street Bridge over the Motorroad Brussels- LXXV 1942 Concrete 3 spans Shallow foundations in 
[DeBeer, 1948) Ostend in the 'Keuze' Street at Drongen total 172 ft sand 
[DeBeer & Martens, 
1957) 
Kluizestraat Brussels-Ostend Highway over Kluizes- 25 1951 Simple span 1 @45 ft Shallow foundations in 
[DeBeer, 1957) traat at Oordegem sand 
Kortruk-Ghent Bridge over the Railroad Kortruk-Ghent 13 1951 Concrete 3@37 ft Shallow foundations in I 

Railroad (Gand-Courtrai) in the Motorroad Brus- sand 
[DeBeer, 1948) sels-Ostend at SI. Denys-Westrem 
[Mariovet, 1953) 
Lackey Dam Road Route 145 Southbound over relocated U-2-39 1984 Simple span 1-112 ft Footings in coarse to 
[Gifford, et aI., Lackey Dam Road, Uxbridge, MA fine sand 
1987] 
Loppem Provincial route Bruges-Torhout over the XXIX 1950 Concrete 2 @43 ft Shallow foundations 
[DeBeer 1948) Brussels-Ostend Highway at Loppem on fine sand 
[Mariovet, 1953) 
[DeBeer & Martens, 
1957] 
Manchester Bridge 1-86, Manchester, CT 76-88-7 1984 - 1@114ft Footings on coarse to 
7 1 @132ft fine sand 
[Gifford, et aI., 1 @ 162 ft 
1987) 1@174ft 

Maria-Aalter Bridge over the Brussels-Ostend Motor IL 1954 Simple span 1@85ft Shallow foundations 
[DeBeer & Martens, Road In the Knesselare-Ruiselede at on nne sand 
1957] Maria-Aalter . 
North Ave Sideline North Avenue Sideline over VT 127, M5000 1985 Simple span 1 @ 128 ft Footings on medium-
[Gifford, et aI., Burlington, VT fine sand 
1987) 
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Name Bridge Location/Description Bridge Built Type Spans Foundations/soils 
1D 

Route Gand- Brussels-Ostend Highway over chemin 22 1952 Simple span 1 @78 ft Shallow foundations 
Charleroi de fer Gand-Charleroi at Gonrtode on sand 
[Mariovet, 1953) 
Route Gand- Brussels-Ostend Highway over route 21 1950 Simple span 1@661t Shallow foundations 
Grammont Gand-Grammont al Gonrlode on sand 
[Mariovet, 1953] 
Route Oombergen- Brussels-Ostend Highway over roule 24 1951 Simple span J @66 ft Shallow foundations 
Wetteren Oombergen-Wetteren al Weslrem on sand 
[Marlovet, 1953] 
Silas Deane 1-91 norlhbound over Silas Deane High- - 1961 - - -
[Keene, 1976) way 
Silver Lane CT-15 Expressway over Silver Lane, East - 1948 Simple span - Shallow founda tions I 
[Keene, 1976) Hartford, CT on clay 
Sterrestreet Bridge over the Motorroad Brussels- - 1941 Concrete 1@661t Shallow foundations 
[DeBeer, 1948] Ostend in the Sterrestreet at Aalter 1 @92 It on clayey sand 

1@661t 
Tolland Turnpike 1-86 and CD Roadway under Tolland 76-88-8 1984 - 1 @ 145 ft Footings on coa !"se to 
[Gifford, et aI., Turnpike, Manchester, CT 1@220ft fine sand 
1987) 1 @ 175 ft 
Wellingstreet Bridge over the Motorroad Brussels- - 1943 Concrele 2@52 ft Shallow foundations 
IDeBeer, 1948) Ostend in the Wellingstreet at Beernem on sand 
Williams River VT Route 11 over the Middle Branch of 45 1983 Simple span 1 @ 115 ft Footings on silty sand 
[Gifford, et aI., the Williams River, Chester, Vermont and silt 
1987) 
Willow Brook CT-2 Expressway over Willow SI. Exten- - 1960 - - -
[Keene, 1976] sion and Willow Bropk, East Hartford, 

CT 
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The distribution of total settlements for the 33 bridges are shown in Figure 6-22. Most of the 
settlements are less than 2 inches. The set of settlements at 6 inches are mostly from piers on 
footings of the Burlington Bay Skyway. The distribution of total settlements for these 33 bridges 
are similar to total settlements of the full set of data discussed earlier. A comparison of total 
settlements for 33 bridges, and for the full data set of several hundred bridges is shown in 
Figure 6-23. The two data sets are similar, and therefore the relations between total settlements 
and differential settlements that are valid for the set of 33 bridges may be valid for bridges in 
general. 

The distribution of mean differential settlements of the 33 bridges is shown in Figure 6-24. 
Figure 6-25 shows the distribution of differential settlements for bridges reported by Moulton [et 
al. 1985]. Moulton's data are generally higher, but it is likely that he has reported maximum, not 
mean, differential settlements. In Figure 6-26 and Figure 6-27, mean and maximum differential 
settlements for 33 bridges are normalized against total settlements. The distribution of maxi­
mum differential settlements for 33 bridges is much like the distribution of differential settle­
ments reported by Moulton ret al. 1985]. 
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PREDICTION OF DIFFERENTIAL SEITLEMENTS 
Differential settlements may be estimated as differences in expected total settlements. If soil 
conditions differ among foundations, or foundation type differs, then the predicted values of to­
tal settlements may be different and this difference is a prediction of differential settlements. If 
foundations and soils are similar, then the expected values of total settlements are equal and no 
difference in settlements is expected. Here, the classical approach is an estimate of differential 
settlements as a fraction of total settlements. Commonly used estimates for differential settle­
ments are 50% of total settlements for similar foundations and 75% of total settlements for dis­
similar foundations. 

Figure 6-28 shows a plot of mean differential settlements versus mean total settlements for the 
33 bridges. Figure 6-29 is a similar plot for maximum differential settlements. Both plots show 
an apparent correlation between differential settlement and total settlements. This is the classi­
cal idea, though these data indicate that differential settlements are about 35% of total settle­
ments. In both plots, the relations between differential settlements and total settlements are de­
termined by a few points at large values of settlement In Figure 6-30 and Figure 6-31 the rela­
tions are examined again excluding data at large settlements. For this subset of data, there is no 
apparent relation between differential settlements and total settlements. In Figure 6-32 normal­
ized differential settlements are considered. For large total settlements, differential settlements 
are not greater than 50% of total settlements. For smaller total settlements, there is no consistent 
relation. Overall, an estimate of differential settlements as a fraction of total settlements may be 
useful to establish an upper bound on differential settlements for large total settlements, but it is 
not useful to establish a bound when total settlements are moderate, and in no range of total 
settlements can differential settlements be predicted from total settlements. 
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Bridge Fnds M"in 11" in (f in COY M"in 11 in 
Afsnee 4 1.97 1.86 0.17 0.09 0.35 0.18 
Baarlevelde Street 4 0.63 0.58 0.04 0.06 0.08 0.04 
Branch Ave 5 0.98 0.47 0.33 0.69 0.71 0.39 
Buckland SI. 2 0.64 0.46 0.25 0.55 0.36 0.36 

Burlington Bay Skyway 58 10.20 6.92 1.67 0.24 2.40 0.81 
Dickennan Road 3 0.97 0.79 0.18 0.22 0.35 0.25 
Fannington River 2 0.47 0.35 0.17 0.47 0.24 0.24 
Folly Brook 2 2.50 2.00 0.71 0.35 1.00 1.00 
Gavere 4 0.55 0.40 0.11 0.28 0.24 0.12 
Gentbrugge 12 1.34 0.82 0.38 0.46 0.91 0.43 
Gersoni Road 2 1.14 0.74 0.57 0.76 0.80 0.80 
Ghent-Kortruk Road 8 1.97 1.48 0.28 0.19 0.51 0.32 
Highway No. 70 6 0.35 0.33 0.05 0.15 0.12 0.04 
HueyP. Long 5 3.96 3.42 0.69 0.20 1.44 0.47 
Hundelgem 4 1.22 1.01 0.14 0.14 0.31 0.18 
Keuze Street 2 1.46 1.12 0.47 0.42 0.67 0.67 
Kluizestraat 8 2.68 2.14 0.28 0.13 0.51 0.22 
Kortruk-Ghent Railroad 12 2.36 1.61 0.58 0.36 1.38 0.44 
Lackey Dam Road 2 0.48 0.35 0.18 0.53 0.26 0.26 
Loppem 9 1.14 0.94 0.11 0.11 0.98 0.43 
Manchester Bridge 7 2 0.84 0.63 0.30 0.47 0.42 0.42 
Maria-Aalter 4 0.51 0.42 0.09 0.21 0.20 0.14 
North Ave Sideline 2 1.17 0.92 0.35 0.38 0.50 0.50 
Route Gand-Charleroi 8 2.68 1.38 0.60 0.43 1.22 0.57 
Route Gand-Grammont 8 1.77 1.29 0.40 0.31 0.91 0.35 
Route Oombergen-Wetteren 8 1.89 1.61 0.21 0.13 0.59 0.24 
Silas Deane 2 2.50 1.85 0.92 0.50 1.30 1.30 
Silver Lane 2 11.50 9.50 2.83 0.30 4.00 4.00 
Sterrestreet 8 0.39 0.20 0.12 0.63 0.35 0.15 
Tolland Turnpike 3 0.83 0.56 0.25 0.44 0.49 0.33 
Wellingstreet 6 0.79 0.44 020 0.45 0.55 0.22 
Williams River 2 2.45 1.66 1.12 0.68 1.59 1.59 
Willow Brook. 2 . 11.00 9.50 2.12 0.22 3.00 3.00 . Table 6-2 Total and dIfferentIal settlement data for thirty-three bndges 
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Figure 6-31 Maximum Differential Settlement versus Mean Total Settlement 
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DIFFERENTIAL SETTLEMENT AS A FUNCTION OF VARIANCE IN TOTAL SET­
TLEMENTS 
Total settlements are variable. Among a set of foundations of similar type and founded in 
similar soils, there will be foundation to foundation differences in settlement. An estimate of the 
expected value of differential settlements can be obtained by assuming that settlements are 
normally distributed, and that the settlements of individual foundations are independent. Both 
assumptions must be shown to be consistent with data, but the purpose here is to establish the 
basic merit of a probabilistic approach to the computation of differential settlements. 

Differential settlements are first computed as the absolute value of the difference in total settle­
ments. Consider foundations j and j with total settlement Sj and Sj' the differential settlement D 
for the pair of foundations is 

Eq.6-1 

If both settlements Sj and Sj are part of a population of settlements with mean settlement value 

IlS and standard deviation of settlements as. then the expected value of differential settlement 

can be computed as 

E[D] = E[ 1 Sj - Sj I] Eq.6-2 

where E[] is the expected value operator. For the assumed normal distribution of settlements, it 
can be shown that the expected value of differential settlement is 

E[D] = 1.13 as 

IlD = 1.13 as 

Eq.6-3 

Eq.6-4 

This last statement predicts that differential settlements will be related only to standard devia­
tion of total settlements and will not be related mean value of total settlements. This prediction 
is examined in Figure 6-33. In the figure mean differential settlements are plotted against stan­
dard deviation of total settlements. For several of the bridges, total settlements are reported at 
two foundations only, and so there is not properly a value of as available. For the bridges with 

more than two settlement points, there is a strong correlation between differential settlement 
and standard deviation of total settlement. The best-fit line for these data is 

IlD = 0.03 + 1.03 as Eq.6-5 

The relation has .a near-zero intercept, and a constant multiplier standard devIa.tion that is close 
to the predicted value of 1.13. The correlation coefficient for this line is excellent. 1ltis same re­
lation can be conveniently written as a normalized relation between differential settlement and 
mean total settlement. Introducing the coefficient of variation of total settlement COY 5, the 

normalized differential settlement Nil can be written as 

COVs =.l:!. 
as 

Nil =--{).03+Ll9COVs 
Eq.6-6 

1ltis relation is plotted in Figure 6-34. As before, the near-zero intercept and the high value of 
the correlation coefficient indicate that the differential settlements are a function only of the 
variability of total settlements. 

While the dependence of differential settlements on variability of total settlements is the strong 
relation, there remains an apparent, though weaker, correlation of differential settlements with 
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total settlement. This relation is examined further by plotting the standard deviation of total 
settlements against the mean value of total settlements in Figure 6-36. There is an apparent re­
lation of linearly increasing crs for increasing mean value of settlements I-lS' This could be 

equally well be stated as a near-constant value of 0.25 for the coefficient of variation of total set­
tlement. The an apparent relation between differential settlements and total settlement is the 
outcome of 1) A relation between differential settlements and variability in total settlements, and 
2) A relation between magnitude of total settlements and variability of total settlement. 

The relation between differential settlement and standard deviation of total settlement should 
pass through zero. If there is no variability in total settlements, there can be no differences in 
settlement. In Figure 6-37, mean differential settlements are again plotted against standard de­
viation of total settlements, but now the linear regression though the data is constrained to pass 
through zero. For this fit, differential settlements are predicted as 

Eq.6-7 

which is very nearly equal to the theoretical value of 1.13 crS' 

Maximum differential settlements can be predicted as well (Figure 6-38). Here a 90% inclusion 
bound on differential settlements is used to compute a maximum differential settlement. Rule­
of-thumb estimates for maximum differential settlement are also shown in the figure. Rule-of­
thumb estimates may be conservative or unconservative depending on the value of COV for to­
tal settlements. For the typical value of COV equal to 0.25, rule-of thumb estimates are conser­
vative, but inaccurate. 

Figure 6-39 shows the relation for differential settlements between adjacent foundations only. 
Differential settlements for adjacent foundations are smaller. This is not consistent with the idea 
of independent settlements at all foundations. Instead, this indicates that settlements of foun­
dations are correlated. 
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INFLUENCE OF DISTANCE ON DIFFERENTIAL SETTLEMENTS 

Differential settlements appear to be correlated with distance between foundations as well as 
overall variability in total settlements. It appears, and it is reasonable, that the total settlements 
of foundations that are near each other will be similar provided that the soil conditions are 
similar, that foundation are of the same type and are subject to the same bearing pressures. If 
the total settlements are similar then the differential settlement of two nearby foundations will 
be small. In contrast, two foundations that are farther apart are subject to total settlements that 
may differ more despite a similarity in soil conditions, foundation type and bearing pressures. 

The relation between differential settlement and distance between foundations is first examined 
by plotting mean values of differential settlements for ranges of distance between foundations. 
The examination is performed only for those bridges or building projects that offer settlement 
data at five or more foundations . The plots of mean differential settlement versus distance be­
tween foundation are shown in Figure 6-40 to Figure 6-51. The projects represented here include 
two buildings and ten bridges. Of particular interest are Figure 6-40 (Arts and Commerce Bldg), 
Figure 6-41 (Burlington Bay Skyway), Figure 6-45 (Huey P. Long Bridge), Figure 6-55 (Loppem 
Bridge), and Figure 6-51 (Stratford Bus Station). In each of these, there is a visible trend of lower 
differential settlements at smaller distances between foundations, and larger differential settle­
ment at larger distances. The implication of these data is that the statistical approach to predic­
tion of differential settlements addresses only the mean value of a more complicated settlement 
process that exhibits greater or lesser magnitude according a correlation between settlement and 
distance. 
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SPATIAL CORRELATION IN SElTLEMENTS 
The relation between differential settlement and total settlements developed earlier uses differ­
ences in total settlement of all foundations in a project. The relation indicates that the mean dif­
ferential settlement equal to about 110% of the standard deviation of total settlements. If this 
relation is reexamined for differential settlement among adjacent foundations only, it is found 
that the ctifferential settlements equal about 91% of the standard deviation of total settlements, a 
lower value. For a specific instance, the mean ctifferential settlement for all combinations of 
foundations in the Huey P. Long bridge is 0.74 inches. If only the adjacent foundations are con­
sidered, then the average differential settlement is 0.47 inches, about one third less. 

Settlements that exhibit ctifferences that depend on distance are said to be spatially correlated. 
Since the correlation exists among similar items in one set of data, this is an autocorrelation. The 
correlation is the expected value of the product of the total settlement at a location ~ and the to­
tal settlement at a location ;H. where ~ is spatial coordinate and t is a distance added to this co­
ordinate. 

El5(;)s(; + T)] = Autocorrelation of Settlement Eq.6-8 

If the process is stationary, then the correlation is the same for all foundations separated by the 
distance T and is not a function of the absolute position ;. 

E[5(;)s(~ H)] = Ef5(0)5(O+"t)] 

= R55(T) 

where RSS(T) is the stationary autocorrelation function. 

Eq.6-9 

It is simpler to work with a centered process when considering autocorrelation. A centered 
process has a mean value of zero, and therefore variations in the process occur above or below 
zero to an equal extent. The use of a centered process also allows for a simple evaluation of the 
influence of spatial correlation in terms of the basic statistical properties "5 and crs of the under­

lying process of total settlements. For this purpose, a centered settlement process 0 is defined as 
the difference of the total settlement of one foundation at location; and the mean value of total 
settlements for all foundations in the process. 

Eq.6-10 

The process 0 shows only the ctifferences in settlements at foundations. Differential settlements 
D can be computed directly in terms of Ii as 

D = 5(;) - 5(;2) 

D = o(~)- 0(;2) 

Eq.6-11 

where l;, and l;, are the locations of two foundations. The mean value !1D and variance cro2 of 

the centered process Ii can be evaluated in terms of the mean value !1S and the standard devia­

tion crs of the total settlement process as 

Efli] = E[5 -115 J 
=0 

E[ 02J = ~(S - !15)2] Eq.6-12 

=crs2 
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The mean value and variance of differential settlement D can be computed as well. 

E[D] = E[I)(~I)-I)(~2)] 
=0 

~D2J =~(0(~1)-Ii(~2»)2] Eq. 6-13 

=2<fS2 

These results are all for uncorrelated or independent processes. The existence of a spatial corre­
lation in total settlements requires that the computation of variance for the centered process I) be 
modified to recognize the correlation. 

E[S(~1)1i(~2)] = E[S(~l)1i(~l +1:)] 

= O"S2(1- p(t») 

=O"S2(1-p(t») 
Eq.6-14 

where p('t) is a normalized autocorrelation function. For independent processes, the autocorre­
lation function is equal to one when 't equals zero. For all other values of 't the function p is zero. 
That is, for independent processes (with zero mean, this is one area where the use of a centered 
process simplifies things) the variance exists, but the product of values of the process at separate 
points sums to zero. 

p('t) is empirical. Its form is determined by the available data for a process. A common form of 
p('t) indicates strong correlation at small values of't with a gradual transition to zero correlation 
at larger values of't. As an example, consider a function of the form 

p{-t) = e -('t/I3)' Eq. 6-15 

Using this function p('t), the expected value of the square of differential settlements can be com­
puted recognizing the spatial correlation of settlements. 

":1:.': • 

~D2(1:)J =~(O(~)_Ii(~+'t»2] 
= 2<fSZ(1-p(1:» 

= Z<fsZ(l-e -(1:/13)') 

~~DZ(1:)J = Z<fsZ(l-e -(1:/13)' ) 

Ecj.6-16 

The influence of spatial correlation is shown in Figure 6-52. Here the function p(1:) is plotted 

along with the ~~ DZ(1:)J and E[ I D(1:) I). The COY for total settlements is taken as 0.25, a typi­

cal value. The normalized autocorrelation function p has a value of 1 at zero distance 't, and p 
decreases to near zero at a distance 1: about equal to two times 13. As a result, differential settle­
ments are zero at zero separation distance, and increase to the expected value of 1.13as for in­

dependent, uncorrelated settlements at large separation distance. Notice that the root-mean­
square estimate of differential settlements is larger than the estimate of absolute value of differ-



University of Colorado at Boulder 171 

ential settlements. Figure 6-52 also shows the rule-of-thumb estimate of differential settlement 
at 50% of total settlement. 

Expected values of differential settlement increase as distances between foundations increase, 
and differential settlements level off to a maximum value equal to the value for differential set­
tlements of independent, uncorrelated foundations. Distances between foundations are relative. 
It is the magnitude of distance relative to the parameter ~ that determines expected values of 
differential settlements. Large values of ~ indicate a correlation of settlements over greater real 
distances. 

The existence of spatial correlation of settlements is investigated here using data on total settle­
ments from twelve projects. For each of these projects, the average values of differential settle­
ments are computed in several ranges of distance between foundations. Next, a search is made 
for spatial correlation functions that fit the observed pattern in differential settlements. Evi­
dence of correlation is found for six projects. Figure 6-53 through Figure 6-58 show the data and 
the fits of four forms of normalized spatial correlation function. The four forms are 

p(1:) = e(-W~) 

p(-r) = e _(-r/~)2 

p( 1:) = e (-!-rIM cas( 1: 1 y) 

(-rli-./ 
p(1:) = e- cos(111:II..) 

Eq.6-17 

The four forms of p{-r) are adaptations of spatial correlation functions found in the literature. All 
are empirical. ~, y, 11 and I.. are parameters of the correlation functions. Values for the parame­
ters are found by a search for mirtimum error in the prediction of differential settlements. 

Data on differential settlements are used to compute discrete expected values of the product 

D(O)D(t) Eq.6-18 

This product is the basic input data for fitting a function to desaibe R(1:). Data are available for 
specific values of -r determined by the distances between foundations. Parameters for each of 
the four function forms are then selected to match the estimates of D(O)D(1:) from data. 

Basic results of the search for spatial correlation are listed in Table 6-3. For each of the twelve 
projects, the best form of function is listed together with two estimates of err~r. Sr,p=O is the 

standard error with no spatial correlation considered Sr is the standard error using the best 

spatial correlation function discovered by search. Spatial correlation may exist where Sr is less 

than S' .. p=o- The correlation coefficient, r, is also shown. A further summaI)' of results is listed 

in Table 6-4. In the table, the number of D(O)D(t) estimates is listed for each project, together 
with the minimum and maximum values of -r, the age of the project at the time the settlement 
data were collected. 

There is spatial correlation in at least two projects; the Arts and Commerce Building and the 
Loppem Bridge. Three other projects, Burlington Bay Skyway, Sterrestreet Bridge and Stratford 
Bus Station show some correlation in space. Plots of O(O)D(t), and of the fits for correlation 
functions are shown in Figure 6-53 through Figure 6-57. The remaining seven projects have total 
settlements that do not exhibit a spatial correlation. 

The spatial correlation functions are used to computed expected values of differential settle­
ments. The results are shown in Figure 6-59 through Figure 6-63. In these figures, the spatial 
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correlation is used to compute the expected value of maximum differential settlements. Notice 
that for each of the projects, the full value of the maximum differential settlement is reached at a 
characteristic distance between foundations, and that lesser values of differential settlement are 
observed a t smaller distances. 

Data indicate that spatial correlation may exist for settlements of foundations for some bridges, 
and that differential settlements will be less for correlated settlements of nearby foundations. 
The work here is based on performance of completed structures and does not provide a basis of 
prediction of correlation of settlements prior to construction. What is needed are methods for 
the use of site exploration data in the quantification of spatial correlation in expected settle­
ments. 

SUMMARY 
Pavement faults are a problem in differential settlements. Quantitative methods to predict dif­
ferential settlements are needed. Relations between differential settlements and variability in to­
tal settlements are demonstrated in this section. The existence of spatial correlation is explored, 
and thldmportance of spatial correlation to the prediction of differential settlements is noted. 

project function Sr." • ., S, T 

Arts and Commerce Building d 0.51 0.03 0.97 
Burlington Bay Skyway II 2.08 0.85 0.57 
Gentbrugge Bridge d 1.79 1.88 -
Ghent-Kortruk Road Bridge c 1.03 1.04 -
Highway No. 70 Bridge d 0.34 0.39 -
Huey P. Long Bridge c 0.08 0.01 -
Kortruk-Ghent Railroad Bridge d 2.69 2.63 -
Loppem Bridge d 0.68 0.11 0.90 
Rt. Gand-Charleroi Bridge d 1.47 1.72 -
Rt. Oombergen-Wetteren Bridge b 1.15 1.15 -
Sterrestreet Bridge d 3.20 1.00 0.82 
Stratford Bus Station d 1.02 0.51 0.64 

. Table 6-3 Errors of best-fitting correlahon functions 
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Project pis L .... ft L .... ft t .... yrs lJ."in COY, L • ..m , ft L .. nP" ft L" ft 

Arts and Commerce Building 8 33 52 3.7 0.49 0.12 19 30 ';5 

Burlington Bay Skyway 58 53 500 10.0 6.92 0.24 ~ 155 384 

Gentbrugge Bridge 12 38 75 0.0 0.82 0.46 33 51 75 

Ghent-Kortruk Road Bridge 8 113 113 2.0 1.48 0.19 21 35 6-+ 

Highway No. 70 Bridge 6 43 43 5.7 0.33 0.15 11 18 28 

Huey P. Long Bridge 5 325 775 4.0 3.42 0.20 104 253 6-+0 

Kortruk-GhentRailroad 12 37 37 0.9 1.61 0.36 9 15 33 
Bridge 
Loppem Bridge 9 43 43 5.0 0.96 0.11 16 25 37 

Rt. Gand-Charleroi Bridge 8 78 78 0.3 1.38 0.43 20 32 49 

Rt. Oombergen-Wetteren 8 66 66 0.5 1.61 0.13 3 5 8 
Bridge 
Sterrestreet Bridge 8 66 92 5.7 0.20 0.63 25 39 56 
Stratford Bus Station 10 33 137 0.0 0.31 0.18 30 48 74 

Table 6-4 Correlation distances of projects 

allowabl 
Project span type L . ft P. F(L .J) a in COV It in It 'in 
Burlington Bay continuou 53 0.75 20 1.67 0.24 6.92 7.66 
Gentbrugge continuou 38 0.69 1.8 0.38 0.46 0.82 257 
Highway No. 70 continuou 43 -0.22 0.9 0.05 0.15 0.33 4.50 
HueyP. Long - 325 0.31 1.2 0.69 0.20 3.42 33.79 
Loppem continuou 43 -0.16 0.9 0.11 0.11 0.94 6.29 
Sterrestreet continuou 66 -0.26 0.9 0.12 0.63 0.20 1.62 

Table 6-5 Comparison of allowable to observed mean total settlements, including effects of 
spatial correlation 
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Section 7 LIMITS ON TOLERABLE SETTLEMENTS FOR BRIDGES 
One method to mitigate pavement faults is to allow settlement of bridge abutments. Abutments 
on spread footings bearing on embankment fills will settle with the embankment. This elimi­
nates differences in settlement between approach pavements and bridge decks. A basic refer­
ence in this area is DiMillio [1981) who reports good performance for bridges with abutments 
supported on spread footings. Settlement of abutments can mitigate pavement faults that are 
due to the global mechanism. Settlement of abutments does not mitigate pavement faults due to 
a local mechanism. 

The use of spread footings for bridge abutments and the expectation that abutments must settle 
to prevent pavement faults are tolerable only if settlements do not damage the bridge. The ca­
pacity for tolerable settlements in bridges limits the magnitude of pavement faults that can be 
mitigated. This section reviews limits on tolerable settlements of bridges reported by others, 
and examines the basis for limits on tolerable settlement. 

TOLERABLESETTLE~S 

Limits on tolerable settlements of highway bridges are reported by Duncan and Tan [1991], by 
Moulton let al. 1985), and in a set of papers published as a Transportation Research Record in 
1978. These sources variously propose limits on angular distortion, on differential settlements, 
and on total settlements. 

Duncan and Tan [1991) reviewed studies of settlement of highway bridges and proposed limits 
on angu1ar distortion. Angular distortion is the differential settlement in one span divided by 
the length of the span. 

Angular Distorion = ~ Eq.7-1 

Duncan and Tan [1991) proposed limits on angular distortion of 0.004 for continuous spans, and 
0.008 for simple spans (Table 7-1). Limits on angular distortion were proposed earlier by Moul­
ton let al. 1985). Duncan and Tan differ from Moulton in their interpretation of field data on 
settlements of bridges. 

DiMillio (1981) recommended a limit on differential settlement of between 1 and 3 inches. Di­
Millio reported on settlements of 148 highway bridges supported by spread footings on com­
pacted fill. Of these 148 bridges, 141 were concrete bridges and 7 were steel bridges. None of 
the bridges showed any sign of functional distress. Differential settlements between the abut­
ment and the adjacent pier were measured for 46 abutments. The mean differential settlement 
was 1.5 inch. 

Several authors have recommended limits on total settlement. Several of papers are the result of 
a TRB survey of bridge settlements conducted in 1975. Walkinshaw (1978) reported on the 1975 
survey using the data collected in seventeen western states. These data included thirty-five 
structures with fifty-four structural elements, abutments, and piers. Settlement and horizontal 
movement were evaluated in terms of maintenance requirements. Costly maintenance identi­
fied intolerable settlements. Walkinshaw recommends limits of 25 inches for total vertical set­
tlement and 2 inches for total horizontal movements. 

Bozozok's [1978) report on the 1975 TRB survey included 270 bridge abutments and piers. Of 
these, 120 were on spread footings, 60 on friction piles, and 90 on end-bearing piles. Settlements 
were evaluated as being tolerable or intolerable based on the need and cost of maintenance. Bo­
zozuk concluded that bridges are more sensitive to large horizontal movements than to large 
vertical settlements. For total vertical settlement, Bozozuk classified a 2 inch settlement as toler­
able, a 2-3.9 inch settlement as harmful but tolerable, and settlement greater than 3.9 inch as in-



188 University of Colorado at Boulder 

tolerable. For total horizontal movements, Bozozuk classified a 1 inch movement as tolerable, 1-
2 inch movement as harmful but tolerable and movement in excess of 2 inch as not tolerable. 

Grover [1978} combined data from the 1975 IRB survey with data from a 1961 survey of bridges 
in Ohio. The 1961 survey included over 1500 bridges, of which 75 had significant sett1ements. 
Grover reported that differential settlements between approach slabs and abutments were less 
for abutments on spread footings than for abutments on deep foundations. At the same time, 
total settlements of abutments on footings were greater than settlements for abutments on deep 
foundations. Grover concluded that a 1 inch total settlement was tolerable. Settlements of 2 to 
2.8 inches produced minor damage in bridges. Settlements in excess of 3.9 inch were intoler­
able. 

Table 7-2 lists limits on tolerable settlement. 

Criteria for tolerable settlement are compared to field studies of settlements of bridges in Table 
7-3. Two of the 1978mB papers are included (Walkinshaw 1978, Grover 1978). Other studies 
included in the table are the Burlington Bay skyway [Matich and Stermac 1971}, and the work by 
[):eBeer [1948}. OveralL the field studies indicate that approximately 2 inches of total settlement 
can be tolerated by most bridges. 
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Maximum 
Source Angular Classification Data Set 

Distortion 
0.004 Maximum angular distortion for 

Moulton et al. 1985 continuous span bridges 175 bridges (56 simple 
0.005 Maximum angular distortion for span, 119 continuous 

simple span brid~ span) 
0.004 Maximum angular distortion for 

Duncan and Tan continuous span bridges Data from Moulton et 
1993 0.008 Maximum angular distortion for al.1985 

simple span brid~ 

Table 7-1 Proposed Limits on Angular Distortion 

Source Total settlement classification data set used to determine criteria 
Bozozuk 1976 2" Tolerable 270 US bridges 

r-+4" Harmful but tolerable 
4" Not tolerable 

Grover 1976 1" Tolerable More than 1500 bridges. 75 bridges 
l'~ -+ 2" May need maintenance with significant settlement. 
2" -+ 3" Noticeable to drivers 
3" -+ 4" Maintenance needed 
4" Objectionable to drivers 

Walkinshaw 1976 2.5" Poor ridmg quality 35 bridges in 10 western states 

Table 7-2 Criteria for Tolerable Total Settlements of Bridges 
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Settlement observed 
Author Study Observation Abut. Piers 

11 a2 11 a2 
in. • • ffi. in. • • ffi. 

Moulton, Ganga- Field study of 314 bridges, Total Settlement 2.58 21.78 0.57 4.46 
rao, and Hal- 580 abutments and 1068 piers. 
vorsen 1985 
Walkinshaw 1978 Field study of 54 bridge abutments Total Settlement 6.67 38.37 2.50 20.8 

and piers that moved, a total of 35 
structures. 

Grover, 1978 Field study, 1961 Ohio, on 1525 Total Settlement 
bridges of which 75 moved signifi- 1961 study: 224 2.43 
cantly. 68 bridges, 133 abutments, are 1975 study: 020 021 
reported. Also, field study in 1975 on 
158 abutments on piles. 

Matich,and Monitoring of the Burlington Bay Total Settlement 2.22 0.18 0.65 0.04 
Stermac, 1971 Skyway Bridge, Canada, up to 150 

months after construction. 
DiMil1io 1981 Field study of 148 highway bridges in Differential set-

the state of Washington. 46 abutments tlement 
supported by spread footings on com- Continuous: 1.35 126 
pacted fill were measured for differ- Simple: 2.98 6.41 
entia! settlements. Both: 1.56 2.61 

Gifford, During a period of three years, 21 Total settlements: 0.66 024 0.53 0.08 
Wheeler, foundations, 10 bridges, supported by Post construction 0.17 0.01 0.26 0.10 
Kramer, and spread footings on cohesionless soil Differential set-
McKown 1987 were monitored for settlements, dif- tlement 0.42 0.18 0.30 0.07 

ferentia! settlements and angular dis- Angular distortion 3E-4 lE-7 2E-4 3E-8 
tortion in an effort to confirm that 
spread footing foundations in sand can 
support bridges well. 

DeBeer, 1948 During the years 1939-1947, eight con- Total Settlement 
crete bridges in Belgium were moni- Construction; 0.71 0.30 0.19 0.03 
tored for settlements from beginning Long Term 0.82 0.41 0.36 0.15 
of construction to up to seven years af-
ter construction. 

Note: 11 = mean value h = horizontal movement 

a2 = variance r = vertical settlement 

Mean and varianc:e calculated on spread sheet from information given by d = differential settlement 

author except for 

Table 7-3 Data on Settlement of Bridges 



University of Colorado at Boulder 191 

USING LIMITS ON TOLERABLE SETTLEMENTS 
If the tolerance of bridges for settlement becomes the basis for mitigation of pavement faults, 
then settlements must not exceed the accepted limits on angular distortion. During design, en­
gineers must compute the expected value of differential settlements and the expected angular 
distortion and compare these to limits on settlement and distortion. The outcome of such a 
check depends on the estimate of differential settlements. In particular, a probabilistic approach 
to estimating differential settlement, and the consideration of spatial correlation in settlements 
will be useful here. 

SIMPLE METHOD USING RULE-OF-THUMB ESTIMATE OF DIFFERENTIAL SE'ITLE­
MENTS 
Differential settlements are estimated as a fraction of total settlements, and therefor a limit on 
angular distortion is effectively a limit on total settlement. If the largest settlements are ex­
pected at abutments on spread footings, then a limit angular distortion imposes a limit on total 
settlement of embankments. 

As an example, consider the deterministic estimate that differential settlements are equal to 50% 
of total settlements. 

D=0.55 Eq.7-2 

where D is differential settlement and 5 is total settlement. This estimate is valid only if all sub­
structures are supported on spread footings. If abutments are on spread footings and piers are 
on piles, then differential settlements could be 100% of the total settlement of the abutment. 

For a continuous span bridge, the angular distortion limit is 0.004, and so the upper bound on 
differential settlements is computed from the distortion limit and the span length. 

D S 0.004 Eq. 7-3 
L 
DSO.OO4L 

Finally, substituting the relation between D and 5, the upper bound on total settlement for the 
abutment is found. 

5s0.008L 
Eq.7-4 

This single result is valid only for continuous bridges with all substructures on shallow founda­
tions. Limits on total settlement for simple spans, or for bridges with piers on deep foundations 
can be found by similar relations. 

The limit on total settlement 5 for this case is plotted in Figure 7-1. Overall, the bound on total 
settlement is large. Short spans tolerate only small settlements. Short structures are very sensi­
tive to differential settlements. 
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Figure 7-1 Limit on Total Settlement. Rule of Thumb. 

PROBABIUSTIC ESTIMATE OF DlFFERENTIAL SETTLEMENTS 

200 

If probabilistic estimates of differential settlements are used, a different and potentially larger 
total settlement may be tolerated. Assuming independent settlement among sUnilar founda­
tions, the relation between the mean value of differential settlements and mean total settlements 
is 

)10 =1.13aS 

)10 = l.l3COVS)1S 
~. 7-5 

where COY 5 is the coefficient of variation of total settlements. Using a limit of 0.004 for toler­

,able angular distortion, the upper bound on mean differential settlements is computed. 

)10 So.OO4L Eq. 7-6 

And the limit on mean total settlement is computed. 

S O.OO35L 
)1S COVs 

Eq.7-7 

'This limit on total settlement is generally larger than the rule-of-thumb limit. But this.limit on 
mean total settlement is based on mean differential settlements. A design limit requires a c0n­

servative estimate of differential settlements. For independent foundations, 90% of all differen­
tial settlement will be less than 2.3<15' 'This conservative limit is expressed in terms of the mean 

total settlement. 

D90 =23<1S 

D90 = 23COVS)1S 
Eq.7-8 

And the limit on total settlement is computed. 
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:s; O.OOl7L 
ILS COVS 

Eq.7·9 

This conservative limit on total settlements is plotted in Figure 7-2 for three values of COV s. 
The plot also shows the limit based on a rule-of-thumb estimate of differential settlements. The 
conservative, probabilistic limit on total settlement may be greater or lesser than the rule of 
thumb limit depending on the variability of total settlements. 
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Figure 7-2 Probabilistic Limits on Total Settlement 

200 

PROBABIUSTIC ESTIMATE OF DIFFERENTIAL SE'ITLEMENTS WITH SPATIAL COR­
RELATION 
If settlements are correlated in space, then differences in settlements are less for nearby founda­
tions. Estimates of differential settlements depend on the variability in total settlements and "n 
the relative distance between foundations. Estimates of mean differential settlements when total 
settlements are correlated are 

Eq.7-10 

The conservative estimate that includes 90% of all differential settlements is 

EODll= 2.3(JS~1-p(t) Eq.7-11 

Differential settlements are related to mean total settlements by the coefficient of variation. 

Eq.7-12 

The limit on mean total settlement then becomes 

, O.OOl7L 
ILS '" . 

COVS~l-p(t) 
Eq.7-13 
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In FIgure 7-3, the limits on mean total settlement are shown for three values of COVs using an 

assumed correlation function of 

Eq.7-14 

where II is taken equal to 40 feet. For large distances between foundations, the limits here are 
the same as the limits for independent settlements. For small distances between foundations, 
limits on settlement are higher when correlation is present. Notice that the limit on total settle­
ment does not go to zero as the span length goes to zero. This is an important, and realistic, 
outcome of spatial correlation in settlements. 

24 COY-OJ 

18 

• 

o~~----------+-------------~----------~------------~ 
o 100 

.... L,. 

ISO 

FIgure 7-3 Limits on Total Settlement with Spatial Correlation 

LIMITS ON NORMALIZED TOTAL SETnEMENTS FOR mGHWAY BRIDGES. 

200 

The probabilistic estimates of differential settlement are used to develop a new limit on mean to-
1a1 settlement in a simple, dimensionless form. Here, the capacity for angular distortion for 
bridges is taken equal to the distortion limits proposed by Duncan and Tan [1991). The limit on 
the ratio of mean total settlement to span length for simple spans is shown in Figure 7-4. The 
limit for continuos spans is shown in Figure 7-5. 

The limits for angular distortion with spatial correlation are 

Simple Bridges 

~s :s; o.oos 
L 2.3COVSJ1-p(t) 

Continuous Bridges 

~S :s; 0.004 

L 2.3COVSJ1-p(~) 

Eq.7-15 

Eq.7-16 
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STRESS ANALYSIS FOR TOLERABLE SETTLEMENT LIMITS 
Moulton [et al. 1985) studied the tolerance of bridges for settlements using both field observa­
tions and stress analysis. Moulton used elastic analysis mainly. Moulton also computed the 
inelastic response of prestressed concrete bridge beams. He had found that elastic analysis re­
sults for prestressed beams differed strongly from field observations of capacity for settlement. 
Bridges in service tolerate much larger settlements than elastic analysis indicates. Moulton's 
analysis of the effect of creep in prestressed concrete beams demonstrated that the tolerance for 
settlement can be as much as 300% greater than that indicated by elastic analysis alone. Moul­
ton did not report an inelastic analysis for steel bridge beams. The capacity of steel bridge 
beams is examined here. 

Elastic analysis is used for allowable stress design for steel bridge beams. This requires that the 
sum of stresses imposed by loads, by temperature effects and by settlement remain below a total 
value of settlement that is a specific fraction of the yield stress of the steel. This design relation 
may be shown as 

Eq.7-17 

Eq.7-18 

where ay is the yield stress, a is a constant less than 1.0, and cr, are the computed stresses from 

dead load, live load, impact, temperature and settlements. For routine bridge design, there may 
be no explicit analysis for stresses due to settlement. Instead, the selection of a steel beam is 
based on the set of stresses due to loads and temperature effects. The tolerance for settlement 
then is limited to the excess stress capacity that the beam may have. 

O'a ~O'Y-(O'D+O'L+O'/+O'T) Eq.7-19 

Steel bridge beams often have somewhat greater strength than the minimum required for the 
design. The amount of excess strength varies from design to design, and can be nearly zero for 
some designs. 

In an allowable stress design, stresses due to settlements 0'1) are elastic stresses. For a two-span 

continuous bridge beam with equal span lengths L, with a prismatic section and with settlement 
at only one abutment, the greatest stress due to settlement occurs at the pier. The stress due to 
settlement O'l)is computed as 

3 ad cra =-E--
4 LL 

Eq.7-20 

where E is the elastic modulus, a is the settlement of the abutment, and d is the depth of the 
beam. The expression includes the angular distortion term aiL, and also the depth to span ratio. 
The use of a narrow range of depth to span ratios in US bridges leads to a single limit on angular 
distortion as proposed by Moulton [et al. 1985) and by Duncan and Tan (1991). Eq. 7-17 yields 
the limit on aiL as a function of crl). These are shown in Table 7-4, for dlL equal to 20. Limits 

obtained by Moulton using elastic analysis are shown in Table 7-5. 
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0", filL 
(ksiJ 

1 0.0009 
2 0.0018 
3 0.0028 
4 0.0037 

Table 7-4 Examples of Elastic Limits on Angular Distortion 

Two-Span Bridges Four-Span Bridges 
Span Settlement of One Abut- Settlement of First Pier 

ment 
ft Ii M Ii M 

(In) (In) 

30 1.13 0.00310 0.90 0.002S0 
50 0.44 0.00074 0.48 0.00081 
100 1.50 0.00125 1.04 0.00087 
150 1.14 0.00063 0.35 0.00020 
200 0 0 1.20 0.00050 
250 0.43 0.00014 0 0 

Table 7-5 Sett1ement Limits for Steel Bridges 
Elastic Analysis (Mouton et a1. 1985) 

Moulton's results for elastic analysis of bridge beams are compared to observed angular distor­
tion in bridges in Table 7-6. The limits proposed by Moulton are 60% to 80% less than the mean 
settlements that were observed to be damaging to bridges. 

Angular Distortion "" 
Category Observed Mean Observed Mean Proposed 

Tolerable Intolerable Limit 
All Bridl!:es 0.0025 0.0161 
Simole Brid2e5 0.0031 0.0241 0.005 
Continuous Bridl!eS 0.0022 0.0129 0.004 
Concrete Bridges 0.0024 0.0232 
SteelBrid~ 0.0026 0.0138 

Table 7-6 Field Data from Moulton [et al. 1985] 

Elastic analysis leads to limits on angular distortion of bridges that are much lower than the dis­
tortions that real bridges are observed to tolerate without distress. The stark disparity between 
analysis and field observation apparently led Moulton to rely on field data alone to propose 
limits on angular distortion. 

The inelastic response of bridge beams is important. Moulton recognized this, and examined 
the effect of creep in prestressed concrete bridges. Table 7-7 lists ratios of Mouton's results for 
inelastic and elastic analyses. For gradual settlement of supports, the inelastic capacity of pre­
stressed concrete bridge beams can be more than 300% the capacity indicated by elastic analysis 
alone. 
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Two-Span Continuous PIS Girders 

Relative 
Span Settlement 
(ft) Tolerance 
75 1.6 
100 3.1 
125 3.1 

Table 7-7 PIS Girders, Increased Settlement Tolerance 
due to Creep (Moulton et aI. 1985) 

Moulton's findings on the use of elastic analysis for the study of tolerable settlements in bridges 
can be summarized as follows 

• The elastic tolerance for settlement in bridge beams is determined by the level of additional 
stress that the beam can carry. For steel bridge beams, the tolerance for settlements is stated 
as a limit on angular distortion, Il/I that is approximately 0.001. Steel beams that are well 
matched to their load demands (beams with little excess strength) have little and possibly no 
tolerance for differential settlements by an elastic criterion. 

• For prestressed concrete bridge beams, there is a similar stress-derived limit on sudden set­
tlements, that is, settlements where creep in the concrete is not considered. If creep is con­
sidered then the tolerance for settlements may increase by a factor of three. 

• For prestressed concrete beams there is no simple statement of tolerance for settlements ex­
pressed as angular distortion. Stress due to settlements depends on the order of construc­
tion, on the excess strength of the beam, and on the occurrence and rate of creep in concrete. 

• Observed settlements in bridges and damage in bridges due to settlement indicate that 
bridges in service tolerate greater differential settlements than elastic analyses indicate. The 
range of tolerable to intolerable angular distortion observed in bridges in service is from 
250% to 1400% greater than elastic analysis results. Mouton's recommendation on tolerable 
angular distortion is 5000/0 greater than can be justified on the basis of elastic analysis. 

INELASTIC ANALYSIS OF TOLERABLE SETTLEMENT FOR STEEL BEAMS 
Settlement can cause increased stresses in steel bridge beams and may cause plastic rotations. 
Plastic rotations are aa:eptable if they are one-time, one-direction events. This is evident in the 
1$1 AASHfO guide specifications for the design of steel bridge breams using a plastic analysis 
approach [Guide 1991]. In the AASHfO approach, plastic rotations are the mechanism of a re­
distribution of bending moments along the length of a bridge beam. AASHfO provides for the 
reduction of negative moments at the supports of continuous beams and a corresponding in­
crease qf positive moments in spans. The design method is restricted to steel beam that are 
compact and that are adequately braced. 

Plastic capacity in steel is both a mechanism for redistribution of bending moments and a 
mechanism for deflection. Redistribution and deflection are two aspects of flexural yielding in 
steel sections. For the strength design of steel bridge beams, plastic rotations must result in a set 
of bending moments under design loads that do not exceed the strength of the beam. The effec­
tive strength of a beam after redistribution is a function of the slenderness of web and £lange 
plates. Redistribution must not cause undue deflections. For strength design, deflections are a 
by-product of plastic rotations and moment redistribution. 

A complementary procedure can be proposed for the design of continuous steel bridge beams to 
tolerate settlements of supports. In a direct approach to design for settlements, steel bridge 
beams are sized to resist all loads elastica1ly. The full amount of the plastic rotation capacity is 
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available for the tolerance of settlements of supports. For bridge beams that carry all loads elas­
tically, the tolerance for settlement of the beam is a function only of the plastic rotation capacity 
of the beam. Rotation capacity in compact steel beams can be large. 

An inelastic approach to the design of bridge beams for settlement recognizes the potential for 
yielding and for plastic rotation of beams. The relation between settlements and plastic rotation 
is 

Eq.7-21 

where I) is the settlement, B5 is the plastic rotation of the bridge beam and L is the span length. 

The rotation B5 that is available depends on the form of the steel beam and on the demand for 
rotation capacity for other purpose such as redistribution of loads in the beam. The limit state 
for plastic rotations for the beam can be written as 

Eq. 7-22 

where Bn is the rotation of the steel beam at failure, 4> is a reduction factor, and BM is the rota­

tion required to distribute moments in the beam. The term B M is zero if the beam carries loads 

elastically, and no redistnbution of moments is required. Combining Eq. 7-21 and Eq. 7-22, the 
tolerance for settlements of a continuous steel bridge beam is 

Eq.7-23 

ROTATION CAPACITY OF STEEL BEAMS 
Steel bridge beams have a capacity for plastic rotation that is a function of the slendernesses of 
the flange and web plates, and of the spacing of lateral bracing of the compression flange. A 
steel beam may have no plastic rotation capacity if its parts are too slender or if bracing is not 
adequate. Plastic rotation capacity, and the allowance of plastic rotations in civil structures is 
not new. Plastic approaches to design of steel beams and frames appeared in the 19505 and 
1960s. The American Society of CivU Engineers a manual on plastic design in 1961 and the 
American Institute of Steel Construction published a guide to plastic design of frames in 1968. 
AASHfO recognizes (and allows) a plastic design approach for steel bridge beams (Standard 
1994), and inelastic procedures for load rating using a plastic analysis approach are reported in 
NCHRP - 1992. 

An adequate capacity for plastic rotation is assured by the imposition of slenderness limits on 
the beam cross section and on the conditions of bracing as 

Eq.7-24 

where A.f is the slenderness ratio for the flange, Aw is the slenderness ratio for the web, and AL is 

the lateral slenderness of the beam that is a function of both the beam cross section and the dis­
tance between points of bracing. 

The common definition of the rotation capacity of steel beams is [Commentary 1961] 

Ru:, Bp = Bu-By _ Bu -1 Eq.7-25 
By By By 

where Ru is the rotation capacity, Bp is the plastic rotation and By is the elastic rotation, and Bu 

is the ultimate rotation capacity of the beam. 
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NONCOMPOSITE BEAMS 

Kemp and Dekker [1991] investigated the ability of compact and noncompact steel beams to re­
distribute moments in regions of linear moment gradient, such as in regions adjacent to internal 
supports in continuous beams. Based on this investigation they proposed a prediction for rota­
tion capacity of steel beams. 

where 

E= ~34.08 
Fy 

Eq.7-26 

for 
(ah,,)/(t.E) < 

33 

for 33 < 
(ah,,)/(t.E) < 

40 

where Li is the length from the point of maximum negative moment to the point of zero mo­

ment, Ty is the radius of gyration about the minor axis, Fy is steel yield stress in ksi, E is the ratio 

of nominal to actual yield stress, bl is the width of the flange, 0/ is flange thickness, hw is web 

depth, tw is web thickness and IX is the ratio of the web depth in compression. Using effective 

lateral slenderness Ae, Kemp and Dekker proposed a relation for ultimate rotation capacity. 

(
60)1.5 

Ru21X=3 Ae 
Eq.7-27 
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Figure 7-6 Kemp and Dekker Model Compared to Test Data 

Kemp and Dekker developed their model using data from forty-four tests of rotation capacity of 
steel beams, include tests by Lukeyand Adams [1969L by Kemp (1985) and by Kuhlmann [1989], 
All the beams had flange ratios, b,!(2t,E), less than 11.05 and web ratios, ah,./(t,.£), less than 40, 
A comparison of tests and the Kemp and Dekker model is plotted in Figure 7-6. The Kemp and 
Dekker model offers a reasonable and often conservative estimate of rotation capacity. 

COMPOSITE BEAMS AND tHE KEMP AND DI!KKEIl MODEL 

The model proposed by Kemp and Dekker [1991] is intended for noncomposite steel beams: Ro­
tation capacity of composite steel beams will differ because of the change in web slenderness. In 
positive bending of composite sections, the major portion of the web is in tension, and can not 
buckle. For positive bending, a < 0.5, the web is less slender compared to a noncomposite beam, 
and the rotation capacity of the section is increased. For negative bending in composite sections 
the situation in reversed. The major portion of the web is in compression, a is greater than 0.5, 
the web is more slender, and the rotational capacity of the section is reduced. 

There are few tests of the rotation capacity of steel-concrete composite beams. More often, the 
rotational capacity of composite steel beams has been studied using steel beams that are made 
asymmetric by the addition of steel cover plates. The resulting shift in the neutral axis in the 
web is equivalent to the conditions in composite steel sections. Tests of steel-concrete composite 
beams and beams with cover plates are reported by C1imenhaga and Johnson [1972] and by 
Hope-Gill and Johnson (1976]. 

A comparison of the Kemp and Dekker model with tests of composite beams and of beams with 
cover plates are plotted in Figure 7-7. All of the steel-concrete composite beams, except for one, 
have tested rotation capacities greater than those predicted by Kemp and Dekker, The one 
composite beam that did not perform better than the Kemp and Dekker model had a web slen­
derness, Kw> 40. For the steel beams with cover plates, the same trend is observed. All pre-
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dieted rotational capacities are lower than observed capacities except for beams with a web 
slenderness, Kw > 40. For steel beams with Kw > 40, there is nearly zero rotational capacity. 
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Figure 7-7 Kemp and Dekker Model Compared to Tests of Composite Beams 

ROTATION LIMITS ASSOCIATED WITH LOCAL FLANGE BUCKLING 
In tests reported by Lukeyand Adams [1969], local flange buckling preceded local web buckling 
and lateral torsional buckling. On average, the plastic rotation at the onset of local flange buck­
ling was about 30 percent of the ultimate rotational capacity. Kuhlmann [1989] also observed 
that local flange buckling preceded other buckling modes. 

A limit on tolerable rotation capacities, RT' is set slightly less than the rotation at the onset of lo­

cal flange buckling. Using 20 percent of the ultimate rotation capacity predicted by the Kemp 
and Dekker modeL a lower bound on observed rotations at the point of local flange buckling is 
obtained (Figure 7-8). This lower bound is valid when the web slenderness, Kw, does not exceed 

40. 
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Tests of composite beams in negative bending indicate that locaJ flange buckling occurs before 
other buckling modes. In Figure '7-9, rotations in tests at the onset of local flange buckling are 
compared to 20% Ru from the Kemp and Dekker model. The (reduced) rotation capacity of the 
model is conservative for all beams with adequate web slenderness. 
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Figure 7-9 Local Flange Buckling in Composite Beams 
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DESIGN CAPACITY FOR INELASTIC ROTATIONS 

The tolerable rotation capacity of noncomposite and of composite steel beams can be estimated 
as 20 percent of the ultimate rotation capacity if controlling slenderness ratios for webs, flanges 
and bracing are met. Tolerable rotation capacity RT can be written as 

constraints 

{ (
60)1.5 1) 3 (60)1.5 RT=0.2Ru=0. 3 - - =--
t..e 2a lOa t..e 

Kw<40 

65 
btI21J<p; 

Ljl Ty <150 

SETTLEMENT CAPACITY OF STEEL BRIDGE BEAMS - EXAMPLES 

Eq.7-28 

The tolerance for settlement of steel bridge beams is computed for six rolled shapes. These are 
examples of the range of tolerance of settlement that is available from inelastic response. The 
rolled shapes are compact shapes with nomina1 depths from 30 inches to 36 incheS. Both rela­
tively heavy and relatively light sections are chosen at each depth. The beams are assumed to be 
used as two-span continuous beam bridges. The span to depth ratio is taken as 25. Beams are 
sized to carry all loads elastically. This leaves all of the plastic rotation capacity available to ac­
commodate settlements. 

Beams, properties of beams, and capacity for settlements are shown in Table 7-8. All beams are 
compact according to AASHrO criteria. All webs have slenderness ratios about half that re­
quired by AASHfO for compact sections. The tolerable rotation &r is shown. These inelastic 

values of &r are 5 to 10 times greater than the angular distortion values determined by elastic 

analysis. The tolerable differential deflections, D, are shown in the last column. For .heavy 
beams, very 1arge differential settlements may be tolerated. For lighter beams, the tolerance for 
differential settlements is less, but it is still a significant tolerance and it is larger than the limits 
on differential settlements developed from observations of bridges in service. 

Beam Span,ft bflt{ hdtw RT lIT, rad D,in 

W30x90 62 8.5 57.5 0.6 0.0038 2.9 
W3Ox148 62 4.4 41.5 2.4 0.0146 10.9 
W33x118 69 7.8 54.5 0.7 0.0045 3.8 
W33x169 69 4.7 44.7 2.0 0.0124 10.3 
W36x135 75 7.6 54.1 0.7 0.0044 4.0 
W36x256 75 3.5 33.8 3.7 0.0231 20.8 

Table 7-8 Examples of Settlement Capacity of Steel Beams 

SUMMARY 

Umits on angular distortion, on differential settlements, and on total settlements for highway 
bridges have been proposed by various authors. Umits on angular distortion, first proposed by 
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Moulton let al. 1985) and modified by Duncan and Tan [1991] are the most often cited and used 
today. 

The methods for estimating differential settlement developed in Section 5 are used to establish 
limits on total settlement that a bridge can accommodate. Spatial correlation of settlements can 
be included as well. Spatial[ correlation can have a large effect on limits on total settlement for 
short spans. 

Criteria for tolerable settlements of bridges are empirical. Observations of bridges in service are 
the basis for accepted limits on angular distortion in bridges. These limits are associated with 
poor riding quality, with damage to pavements or with damage to joints and railings. Damage 
to bridge beams or loss of strength of superstructures due to settlement is rarely a problem. 

Elastic analysis of bridge beams for tolerance to settlements yields very tight limits on settle­
ment. The result of elastic analysis do not agree with observations of bridges in service. Inelas­
tic analysis yields much better agreement. 

The application of inelastic analysis of steel bridges beams to compute their tolerance to settle­
ment is developed in this section. It is found that the inelastic analysis gives results that are 
consistent with observed performance of bridges. 



206 Un!yemty d CoJondo .t Bou.!dec 



University of Colorado at Boulder 207 

Section 8 BIBLIOGRAPHY 
Abella, S, Rivas, F., and Velasco, M. (1971). "Shallow foundations on improved compressible 

soils." Measured performance of shallow foundations, Geotechnical Special Publication 15, 
ASCE, 55-72. 

Adachi, K. (1987). "Settlement of raft foundation of a tall building." Proc., 8th Asian Reg. Conf. 
on Soil Mech. and Fnd. Engrg., Kyoto, Japan, vI, 337-340. 

Allen, D. L. (1985). "Analysis of movements and forces on bridge approaches: a case study (the 
bridge over Chesapeake Ave. on lnterstate 47 in Campbell County)." Report No. UKTRP-
85-10, Kentucky Trans. Res. Program, Lexington. 

Alpan, I. (1964). "Settlements of foundations on sands." Civil Engng. and Pub. Works Rev., 
November,1415-1418. 

Ameen, S. F. (1991). "Settlement of inclined loaded footings on sand layers." Proc., 9th Asian 
Reg. Conf. on Soil Mech. and Fnd. Engrg, Bangkok, v1, 197-200. 

Anderson, L. R., Bowles, D. S., Canfield, R. V., and Sharp, K. D. (1982). "Probabilistic modeling 
of tailings embankment designs volume 1: model development and verification." Report 
No. BUMINE5-0FR-161(1)-82, Utah State Univ, Logan. 

Ardani, A. (1987). "Bridge approach sett1ement, Final report." CDOH-DTP-R-87-6, Colorado 
Department of Highways, Denver, Colorado, 53p. 

Asaoka, A (1978). "Observational procedure of settlement prediction." Soils and Fnds., 18(4), 
87-101. 

Autos/ress Design of Highway Bridges, TRR 1380, 1993 

Baecher, G. B. (1986). "Geotechnical error analysis." Trans. Res. Rec. 1105, Trans Res. Board., 
Washington, D. C., 23-31. 

Bandimere, S. W. (1986). "Report and review of a major slabjacking case history." Trans. Res. 
Rec. 1104, Trans. Res. Board. Washington, D. c., 3-6. 

Barker, R. M., Duncan, J. M., Rojiani. K. B., 00;' P. S. K., Tan, C. K., and Kim, S. G. (1991). 
"Manuals for the design of bridge foundations." NCHRP report 343, Trans. Res. Board. 
Washington, D. C. 

Barksdale, R. D. (1987). ''Repair, evaluation, and rehabilitation program. state of the art for 
design and construction of sand compacted piles." Report No. WES/TR/GL-REMR-GT-4, 
School of Civ. Engrg., Georgia Inst. of Tech., Atlanta. 

Bameich, J. A (1985). "Vehicle induced ground motion." Vibration problems in geotechnical 
eng,.-,eering, ed. Gazetas, G ., and Selig, E. T., ASCE, 187-202. 

Bartolomey, A. A, Ginzburg, L. K., Doroshkevich, N . M., Lapshin, F. K., Pilyagin, A V., and 
Omelchak, I. M. (1989). "Prediction of pile capacity, settlements and stability of piles and 
pile foundations." Proc., 12th lntl. Conf. on Soil Mech. and Fnd. Engrg., Rio de Janeiro, v2, 
779-782 

&sma, A A, and Tuncer, E. R. (1991). "Effect of lime on volume change and compressibility of 
expansive clays." Trans. Res. Rec. 1295, Trans Res. Board., Washington, D. c., 52-62. 

Bauer, G. E. (1994). "Control on settlement using geogrids." Vertical and horizontal 
deformations of foundations and embankments, Geotechnical Special Publication 40(1), 
ASCE, 491-501. 



208 University of Colorado at Boulder 

Bazaraa, A. R., and Kurkur, M. M. (1986). "N-values used to predict settlements of piles in 
Egypt." Use of in-situ tests in geotechnical engineering, ed. Clemence, S., ASCE, 462-474. 

Berardi, R., and Lancellotta, R. (1988). "Stiffness of granular soils from field performance." 
Geotechnique 41(1),149-157. 

Berardi, R., and Lancellotta, R. (1994). "Prediction of settlements of footings on sands: accuracy 
and reliability." Vertical and horizontal deformations of foundations and embankments, 
Geotechnical Special Publication 40(1), ASCE, 640-651. 

. Berardi, R., Jarnioikowski, M., and Lancellotta, R. (1991). "Settlement of shallow foundations on 
sands: selection of stiffness on the basis of penetration resistance." Geotech. Engrg. 
Congress, Geotechnical Special Publication 27(1), ASCE, Boulder, CO, 185-200. 

Berg, R. R. (1993). "Guidelines for deSign, specification, and contracting of geosynthetic 
mechanically stabilized earth slopes on firm foundations." Report No. FHWA/SA-93/025, 
Geotextile Div., Industrial Fabrics Assoc. IntI., St. Paul, Minn. 

Bergado, D. T., Ahmed, S., Sampaco, C L., and Lekhak, B. N. (1989). "Inverse analysis of 
settlement characteristics of Bangna-Bangpakong Highway, Thailand in subsiding 
environment." Proc., 12th Inti. Conf. on Soil Mech. and Fnd. Engrg., Rio de Janiero, v3, 
1717-1720. 

Bergado, D. T., Enriquez, A. S., Sampaco, C. L., Alfaro, M. C, and Balasubramaniam, A. S. 
(1992). "Inverse analysis of geotechnical parameters on improved soft Bangkok clay." J. 
Geotech. Engrg. Div., ASCE, 118(7), 1012-1029. 

Bergdahl, U., and Ottosson, E. (1982). "Calculation of settlements on sand from field test 
results." Proc., 2nd European symp. on penetration testing, 229-233. 

Bergdahl, u., Hult, G., and Ottosson, E. (1985). "Calculation of settlement of footings in sand." 
Proc., 11th Inti. Conf. on Soil Mech. and Fnd. Engrg., San Francisco, v4, 2167-2170. 

Blacklock, J. R., and Wright, P. J. (1986). "Injection stabilization of failed highway 
embankments." Trans. Res. Rec. 1104, Trans. Res. Board., Washington, D. C, 7-17. 

Blight, G. E., and Dane, M. S. W. (1989). ''Deterioration of a wall complex constructed of 
reinforced earth." Geotechnique, 39(1), 47-53. 

Bolle, A., Bonnechere, F., and Cremer, J.-M,. (1989). "Probabilistic approach of the settlement of 
an.arch bridge." Proc., 12th Inti. Conf. on Soil Mech. and Fnd. Engrg., Rio de Janiero, v2, 
811-814. 

Bonaparte, R., Ah-Line, C., Charron, R., and Tisinger, L. (1988). "Survivability and durability of 
. a nonwoven geotextile." Symposium on geosynthetics for soil improvement, ed. Holtz, R. 
D., Geotechnical special publication 18, ASCE, 68-91. 

Bonaparte, R., and Christopher, B. R. (1987). ''Design and construction of reinforced 
embankments over weak foundations." Trans. Res. Rec. 1153, Trans Res. Board., 
Washington, D. C,26-39. 

Bourdeau, P. L., and Harr, M. E. (1989). "Stochastic theory of settlement of loose cohesionless 
soils." Geotechnique, 39(4), 641-654. 

Bowles, J. E. (1987). "Elastic foundation settlements on sand deposits." J. Geotech. Engrg. Div., 
ASCE, 113(8), 846-860. 

Bozozuk, M. (1978). "Bridge foundations move." Trans. Res. Rec. 678, Trans Res. Board., 
Washington, D. C, 17-21. 



University of Colorado at Boulder 209 

Briaud, J-L., and Gibbens, R. M, eds. (1994). Predicted and measured behavior of five spread 
footings on sand, Geotechnical Special Publication 41, ASCE. 

Briaud, J. L., Tand, K. E., and Funegard, E. G. (1986). "Pressuremeter and shallow foundations 
on stiff clay." Trans. Res. Rec. 1105, Trans. Res. Board., Washington, D. c., 1-14. 

Brignoli, E., Garrassino, A., and Renzo, P. (1994). "TIle usefulness of stone columns to reduce 
settlements and distortions - a case history." Vertical and horizontal deformations of 
foundations and embankments, Geotechnical Special Publication 40(1), ASCE, 567-570. 

Bruce, D. (1992). "Current technology in ground treatment and in-situ reinforcement." Proc., 
2nd interagency symp. on stabilization of soils and other materials, Soil Conservation 
Service, TIC 

Burland, J. B. (1978). "Janbu, Bjerrum, and Kjaersli's chart reinterpreted: discussion." Can. 
Geot. J. 15(4),619. 

Burland, J. B., and Burbidge, M. C. (1985). "Settlement of foundations on sand and gravel." 
Proc., Instn. Civ. Engrs., 78, 1325-1381. 

Byrne, P. F., and Lacey, H. S. (1986). "Brighton Ave bridge replacement supported on shallow 
foundations." Trans. Res. Rec. 1105, Trans. Res. Board., Washington, D. c., 15-22. 

Calif. State Dept. of Trans. (1991). "Yarn reinforced soil." Report No. mwA/CA/TL-91/07, 
Div. of New Tech., Calif. State Dept. of Trans., Sacramento. 

Carskaddan, P S. (1980). "Autostress design of highway bridges - Interior-support model test." 
AISI Project 188, 24p. 

Chou, L., ed. (1987). ''Lime stabilization: reactions, properties, design, and construction." 
State-of-the-art report, Trans. Res. Board. 

Christian, J. T., and Carrier, W. D. m. (1978). janbu, Bjerrum, and Kjaersli's chart 
reinterpreted." Can. Geot. 1- 15(1), 123-128. 

Christian, J. T., and Carrier, W. D. m. (1978). "Janbu, Bjerrum, and Kjaersli's chart 
reinterpreted: reply." Can. Geot. J. 15(4), 619-620. 

Christopher, B. R., and Holtz, R. D. (1985). "Geotextile engineering manual." 

Christopher, B. R., and Holtz, R. D. (1992). "Current research on geosynthetics." Proc., 2nd 
interagency symp. on stabilization of soils and other materials, Soil Conservation Service, 
TIC 

Christopher, B. R., Gill, S. A., Giraud, J. P., Juran, I., and Mitchell, J. K. (1990). "Reinforced soil 
structures volume 1. design and construction guidelines." Report No. mwA/RD-89/043, 
STS Consultants Ltd., Northbrook, m. 

Oimenhaga,J.J. and Johnson,R.P. (1972) ''Local buckling in continuous composite beams." The 
Structural Engineer, V50, no.9, p367-374 

Colorado Dept. of Trans. (1989). Study on voids beneath approach slabs. Colorado Dept. of 
Trans., Denver. 

Cummenfllry on plastic design in steel (1961). ASCE manula 41, New York 173p. 

Cornell, C. A. (19-). "First-order uncertainty analysis of soils deformation and stability." Proc. 
1st Int. Conf. on Appl. of Stats. and Prob. to Soil and Struct. Engng., Hong Kong, 129-144. 

Corotis, R. B., Krizek, R. J., and El-Moursi, H. H . (1975). "Probabilistic approach to prediction 
of consolidation settlement." Trans. Res. Rec. 548, Trans Res. Board., Washington, D. c., 
47~1. 



210 University of Colorado at Boulder 

Cressie, N. (1987). "Spatial prediction and site selection." ASA/EPAconf. on interpretation of 
env. data ill, sampling and site selection in env. studies, Office of Policy Planning and 
Evaluation, EPA, Washington, D. C. 

D' Appolonia, D. J., D' Appolonia, E. D., and Brisette, R F. (1968). "Settlement of spread 
footings on sand: closure" J. Soil Mech. and Fnd. Div., ASCE, 96(2), 754-761. 

D' Appolonia, D. J., Poulos, H. G., and Ladd, C. C. (1971). "Initial settlement of structures in 
clay." J. Soil Mech. and Fnd. Div., ASCE, 97(10), 1359-1377. 

Daali,M.L. and Korol,R M. (1994). "Local buckeling rules for rotation capacity.", AISC 
Engineering Journal, Vol. 31, No.2, p41-47. 

Das, B. M. (1988). "Shallow foundation on sand underlain by soft clay with geotextile 
interface." Symposium on geosynthetics for soil improvement, ed. Holtz, RD., 
Geoteclmical special publication 18, ASCE, 112-126. 

Dawson, A., and Lee, R (1988). "Full scale foundation trials on grid reinforced clay." 
Symposium on geosynthetics for soil improvement, ed. Holtz, R D., Geotechnical special 
publication 18, ASCE, 127-147. 

DeBeer, E. (1948). "Settlement records on bridges founded on sands." Proc., 2nd Inti. Conf. on 
Soil Mech. and Fnd. Engrg., Rotterdam, v2, 111-122. 

DeBeer, E., and Martens, A. (1957). ''Method of computation of an upper limit for the influence 
of the heterogeneity of sand layer on the settlements of bridges." Proc., 4th Inti. Conf. on 
Soil Mech. and Fnd. Engrg., London, vI, 275-282. 

DeGroot, D. J., and Baecher, G. B. (1993). "Estimating autocovariance of in-situ soil properties." 
J. Geotech. Engrg. Div., ASCE, 119(1), 147-166. 

DiMillio, A. F. (1982). "Performance of highway bridge abutments supported by spread 
footings on compact fill." Report No. FHWA/RD-81/184, Fed. Highway Admin., 
Washington, D. C. 

Duncan, J. M. and Tan, C. K., 1991, Manuals for the design of bridge foundations, Engineering 
Manual for Estimating Tolerable Movements of Bridges, report no. NCHRP-343; Federal 
Highway Administration, Washington, December 1991, p 219-228 

Duncan, J. M., Schaefer, V. R, Franks, L. W., and Collins, S. A. (1987). "Design and 
performance of a reinforced embankment for Mohlcanville dike no. 2 in Ohio." Trans. Res. 
Rec. 1153, Trans Res. Board., Washington, D. c., 15-25. 

Edil, T. B., and Mochtar, N. E. (1984). "Prediction of peat settlement." Sedimentation 
consolidation models: prediction and validation, ed. Yong, R N., ASCE, 411-424. 

El Ghamarawy. M. K. (1989). "A study of observed and predicted settlements in Giza, Egypt." 
Proc., 12ft·; inti. Conf. on Soil Mech. and Fnd. Engrg., Rio de Janiero, v3, 2029-2032. 

El-Sohby, M. A., and Elleboudy, A. M. (1987). "Controlling settlement of bored piles by 
remedial grouting." Proc., 8th Asian Reg. Conf. on Soil Mech. and Fnd. Engrg., Kyoto, 
Japan, 357-360. 

Elias, V. (1990). ''Durability/corrosion of soil reinforced structures." Report No. REPT -85-274, 
Earth Engrg. and Sciences, Inc., Baltimore. 

Elias, V., Juran, I. (1991). "Soil nailing for stabilization of highway slopes and excavations." 
Report No. FHW A/RD-89 /198, Earth Engrg. and Sciences, Inc., Baltimore. 

Emanuel, J. H. (1978). ''Survey of bridge movements in the western United States: Discussion." 
Trans. Res. Rec. 678, Trans. Res. Board., Washington, D. c., 11-12. 



University of Colorado at Boulder 

Fletcher, C. S., and Humphries, W. K. (1991). "California bearing ratio improvement of 
remolded soils by addition of polypropolene fiber reinforcement." Trans. Res. Rec. 1295, 
Trans. Res. Board., B<Hl7. 

211 

Fowler, J. (1989). "Geotextile reinforced embankments on soft foundations." Report No. WE5-
MP-GL-308, Geotech. Lab, Army Waterways Exp. Station, Vicksburg, Miss. 

Frondistou-Yannas, S. (1985). "Corrosion susceptibility of intemally reinforced soil retaining 
structures." Report No. FHWA/RD-83/105, Mgmt. and Tech. Associates, Inc., Newton, 
Mass. 

Fukida, N., Taki, M., and Sutoh, Y. (1987). "Foundation improvement by polymer grid 
reinforcement." Proc., 8th Asian Reg. Coni. on Soil Mech. and Fnd. Engrg., Kyoto, Japan, 
vI, 365-368. 

GangaRao, H. V. S. and Halvorsen, G. T., 1980, Analytical studies of the effects of movements 
on steel and concrete bridges, Public Roads, Vol 44, no.3, p 103-115 

Garga, V. K., and QuID, J. T. (1974). "Loading tests and settlements of direct foundations on 
sand." Coni. Settlement of Structures, Cambridge, 22-35. 

George, E. A. J., Abam, T. K. S. (1991). "Settlement prediction for a suction tank in a beach 
ridge sub-environment." Proc., 9th Asian Reg. Conf. on Soil Mech. and Fnd. Engrg., 
Bangkok, vI, 393-396. 

Georgiadis, M. (1993). "Sett1ement and rotation of footings embedded in sand." Soils and 
Fnds., Japan, 33(1), 169-175. 

Gifford, D. G., Wheeler, J. R., Kraemer, S. R., and McKown, A. F. (1987). "Spread footings for 
highway bridges." Report No. FHW A/RD-86/185, Haley and Aldrich, Inc., Cambridge, 
MA. 

Giroud, J. P. (1972). "Settlement of rectangular foundation on soil Iayer." J. Soil Mech. and 
Fnd. Div., ASCE, 98(1),149-154. 

Goughnor, R. D., and DiMaggio, J. A. (1978). "Soil-reinforcement methods on highway 
projects." Proc., Symp. on Earth Reinforcement, Pittburgh, PA, ASCE, 371-399. 

Goughnor, R. R. (1983). "Settlement of vertically loaded stone columns in soft ground." Prcc., 
8th European Conf. on Soil Mech. and Fnd. Engrg., Helsinki, vI, 235-240. 

Grover, R. A. (1978). "Movement of bridge abutments and settlements of approach pavements 
in Ohio." Trans. Res. Rec. 678, Trans Res. Board., Washington, D. c., 12-16. 

Grubb,M.A. (1987). ''The AASHTO guide specification for alternate load-factor design 
procedures for steel beam bridges." aisc Engineering Journal, first quarter, p1-1O. 

Grubb,M.A. and Carskaddan,P.5. (1979). "Autostress design of highway bridges - Initial 
moment-rotation tests, AlSI Project 188, p14 

Grubb,M.A. and Carskaddan,P.S. (1981). "Autostress design of highway bridges - Moment­
rotation requirements." AlSI Project 188, 16P. 

Haliburton, T. A., Fowler, J., and Langan, J. P. (1980). "Design and construction of fabric 
reinforced embankment test section at Pinto Pass, Mobile, Alabama." Trans. Res. Rec. 749, 
Trans. Res. Board., Washington, D. c., 27-33. 

Haslebacher,C.A. (1980) ''Limits for tolerable movements for steel highway bridges." MS Thesis, 
Department of Civil Engineering, West Virginia University, Morgantown, West Virginia, 
1I8P. 



212 University of Colorado at Boulder 

Hoffman, G. L., and Turgeon, R. (1983) "Long-term in situ properties of geotextiles." Trans. 
Res. Rec. 916, Trans. Res. Board., Washington, D. c., 89-94. 

Holtz, R. D. (1989). ''Treatment of problem foundations for highway embankments." NCHRP 
Synthesis 147, Trans. Res. Board., Washington, D. C. 

Holtz, R. D., and Krizek, R. J. (19-). "Statistical evaluation of soils test data." Proc. 1st Int. 
Conf. on Appl. of Stats. and Prob. to Soil and Struct. Engng., Hong Kong, 229-266. 

Holtz, R. D., and Wager, R. D. (1975). "Preloading by vacuum: current prospects." Trans. Res. 
Rec. 548, Trans Res. Board., Washnigton, D. c., 26-29. 

Holtz, W. G., and Gibbs, H. J. (1969). "Discussion of 'Settlement of spread footings on sand." J. 
Soil Mech. and Fnd. Div., ASCE, 95(3), 901-905. 

Holzlohner, U. (1985). "Sand properties governing foundation settlement." Proc., 11th intI. 
Conf. on Soil Mech. and Fnd. Engrg., San Francisco, v2,507-51O. 

Hoover, T. P. (1987). "Caltrans wick drain experiences." Soil improvement: a ten year update, 
ed. Welsh, J. P., Geotechnical special publication 12, ASCE, 184-196. 

Hope-Gill,M.C. and Johnson,R.P. (1976). 'Tests on three three-span continuous composite 
beams." Proceedings Institutions for Civil Engineers, part 2, 367-381P. 

Hopkins, T. C. (1985). "Longterm movements of bridge approaches." Report No. UKTRP-85-
12, Kentucky Trans. Res. Program, Lexington. 

Hopkins, T. C. (1986). "Stability of embankments on clay foundations." Report No. UKTRP-86-
8, Kentucky Trans. Res. Program, Lexington. 

Hopkins, T. C. and Deen, R. C., (1970), The bump at the end of the bridge, Highway research 
record, Highway research board no. 302, 1970, P 72-75 

Hough, B. K. (1959). "Compressibility as the basis for soil bearing." J. Soil Mech. and Fnd. Div., 
ASCE, 85(4), 11-39. 

Hourigan,E.V. and Holt,R.C. (1987). ''Design of a rolled beam bridge by new AASHTO guide 
specification for compact braced sections." AISC Engineering JournaL first quarter 1987, 
p29-41. 

Huang, W. H. (1990). 'Use of bottom ash in highway embankments, subgrades, and subbases." 
Report No. FHW A/IN /JHRP-90/ 4, Joint Highway Reseacrh Project, Purdue Univ., 
Lafayette, Ind. 

Hussin, J. D., and Ali, 5.(1989). ''Soil improvement of the trident submarine facility." Soil 
improvement: a ten year update, ed. Welsh, J. P., Geotechnical special publication 12, 
ASCE,215-23l. 

Indraratna, B., Balasubramaniam, A. 5., and Ratnayake, P. (1994). "Performance of 
embankment stabilized with vertical drains on soft clay." J. Geotech. Engrg. Div., ASCE, 
120(2),257-273. 

Inelastic rating procedures for steel beam and girder bridges (1991). NCHRP 352 

James, R. W., Zhang, H., Zollinger, D. G., Thompson, L. J., Bruner, R. F., and Xin, D. (1991). 
"Approach roughness." Report No. TTI-2-5-89/0-123, Texas Trans. Inst., College Station. 

Johnson, S. J. (1970). "Precompression for improving foundation soils." J. Soil Mech. Fnds. Div., 
ASCE, 96(1), 111-144. 



University of Colorado at Boulder 

Juran, I., Ider, H. M., Acar, Y. B., and Guermazi, A. (1989). "Comparitive study of soil 
improvement/reinforcement techniques for highway embankments." Report No. 
FHWA/LA-89/225, Dept. ofCiv. Engrg., Louisiana State Univ., Baton Rouge. 

Kaniraj, S. R. (1993). "A semi-empiricaI equation for settlement ratio of pile foundations in 
sand." Soils and Fnds., Japan, 33(2), 81-90. 

Kato, B. (1989). "Rotation capacity of H-section members as determined by local buckeling.", 
Journal of Constructional Steel Research, vol 13, p95-109. 

Keene, P. (1978). "Tolerable movements of bridge foundations." Trans. Res. Rec. 678, Trans 
Res. Board., Washington, D. c., 1-5. 

213 

Kemp,AR (1985). "Interaction of plastic local and lateral buckling, ASCE sr, Vol. 111, no. 10, 
p2181-2195 

Kemp,A.R. (1986). "Factors affecting the rotation capacity of plastically designed members." The 
Structural Engineer, Vol 64 B, no. 2, 1986, p28-35. 

Kemp,A.R. and Dekker,N.W. (1991). "Available rotation capacity in steel and composite beams." 
The Structural Engineering Journal, vol. 69, no. 5, p88-97. 

Koerner, R. M., and Partos, A. (1974). "Settlement of building on pile foundation in sand." J. 
Geotech. Engrg. Div., ASCE, 100(3), 265-278. 

Koerner, R. M., and Wayne, M. H. (1989). "Geotextile specifications for highway appI1cations." 
Report No. FHW A/TS-89/f11.6, Drexel Univ., Philadelphia. 

Koerner, R. M., and Wilson Fahmy, R. (1992). "Applications of geogrids. volume 3. polymeric 
geogrid reinforcement of embankments over weak soils." Geosynthetic Research Inst., 
Drexel Univ., Philadelphia. 

Kovacs, W. D. (1994). "Effects of SPT equipment and procdures on the design of shallow 
foundations on sand." V erticaI and horizontal deformations of foundations and 
embankments, Geotechnical Special Publication 40(1), ASCE, 121-131. 

Kramer, S. L., and Sajer, P. (1991). "Bridge approach slab effectiveness." Report No. WA-RD-
227.1, Washington State Trans. Center, Seattle. . 

Krizek, R. J., Corotis, R. B., and Ei-Moursi, H. H. (1977). "Probabilistic analysis of predicted and 
measured settlements." Can. Geotech. J. 14(1), 17-33. 

Kuhlmann,U. (1989). "Defenition of flange slenderness limits on the basis of rotation capacity 
values." Journal of Constructional Steel Research, vol. 14, no.11989, p21-40. 

Kyfor, Z., Masi, J., and Gemme, R. (1988). ''Performance of a prefabricated vertical drain 
installation beneath an embankment." Trans. Res. Rec. 1159, Trans. Res. Board., 
Washington, D. C., 47-58. 

Laguros, J. G. (1989). "Evaluation of causes of excessive settlement of pavements behind bridge 
abutments and their remedies. phase n: executive sunuruuy." Report No. ORA-157-293, 
Office of Res. Admin., Oklahoma Univ., Norman. 

Lamb, S. E. (1980). "Embankment stabi1ization by use of horizontal drains." Trans. Res. Rec. 
749, Trans. Res. Board., Washington, D. C., 6-10. 

Laumans, Q. (1983) "Soil improvement by vertical drains - factors determining the settlement 
behavior." Proc., 8th European Conf. on Soil Mech. and Fnd. Engrg., Helsinki, v2, 641-646. 

Leonards, G. A., and Frost, J. D. (1988). "Settlement of shallow foundations on granular soils." 
J. Geotech. Engrg. Div., ASCE, 114(7), 791-809. 



214 University of Colorado at Boulder 

Leonards, G. A., Cutter, W. A., and Holtz, R. D. (1980). "Dynamic compaction of granular 
soils." Trans. Res. Rec. 749, Trans. Res. Board., Washington, D. c., 10-13. 

Levy, J. F., and Morton, K. (1974). "Loading tests and settlement observations on granular 
soils." Conf. Settlement of Structures, Cambridge, 43-52. 

Lopes, F. R., Souza, O. S. N., and Soares, J. E. S. (1994). "Long-term settlement of a raft 
foundation on sand." Geotech. Engrg., Proc., lnstn. Civ. Engrs, 107(1), 11-16. 

Lukey,A.F.and Adams,P.F. (1969). "Rotation capacity of beams under moment gradient." ASCE 
ST vo1.95, no.6 

Lyle, K., Moulton, LX, Gangarao, H.V.5. and Halvorsen, G.T, 1985, Tolerable movement 
criteria for highway bridges, Final Report, report no. FHW A/RD-85/107, Federal Highway 
Administration, Washington, D. c., October-1985, 122 pp 

Mackland, P. (1993). Colorado Dept. of Transportation. Personal communications. 

Manning, D. G. (1986). "Effects of traffic-induced vibrations on bridge deck repairs." NCHRP 
Synthesis 86, Trans. Res. Board., Washington, D. C. 

Marangos, Ch. (1989). "Settlement prediction based on pressuremeter and oedometer test 
results." Proc., 12th Inti. Conf. on Soil Mech. and Fnd. Engrg., Rio de Janiero, v1, 381-384. 

Matich, M. A. J., and Stermac, A. G. (1971). "Settlement performance of the Burlington Bay 
Skyway." Can. Geotech. J. 8(2),252-271. 

McNulty, E. G. (1979). "Corrective measures for unstable bridge approach embankment: US 
68, Licking River, Blue Licks." Report No. RR-531, Div. of Research, Kentucky Bureau of 
Highways, Lexington. 

Meade, B. W., and Allen, D. L. (1985). "Evaluation of stone column stabilized earth 
embankments foundation." Report No. UKTRP-85-27, Kentucky Div., Fed. Highway 
Admin., Frankfort. 

Meade, B. W., and Allen, D. L. (1989). "Soil-bridge abutment interaction." Report No. UKTRP-
88-15, Kentucky Trans. Res. Program, Lexington. 

Menard, L. (1975). "The interpretation of pressuremeter test results." Sols-SOils 26,1-22. 

Meyerhof, G. G. (1965). "Shallow foundations." J. Soil Mech. and Fnd. Div., ASCE, 91(2), 21-32. 

Meyerhof, G. G. (1976). "Bearing capacity and settlement of pile foundations." J. Geotech. 
Engrg. Div., ASCE, 102(3), 197-228. 

Mitchen. J. K. (1970). "In-Place treatment of foundation soils." J. Geotech. Engrg. Div., ASCE, 
96(1), n-110. 

Mitchell, J. K., and Huber, T. R. (1985). "Stone column foundations for a wastewater treatment 
plant - a case history." Recent developments in ground improvement techniques, ed. 
Balasubramaniam, A. S., Boston, 573-587. 

Mitchell, J. K., and Vliet, W. C. B. (1987). "Reinforcement of earth slopes and embankments." 
NCHRP report 290, Trans. Res. Board., Washington, D. C. 

Monley, G. J., and Wu, J. T. U. (1993). "Tensile reinforcement effects on bridge-approach 
settlement." J. Geotech. Engrg. Div., ASCE, 119(4), 749-762. 

Moulton, L. K. (1986). "Tolerable movement criteria for highway bridges; technology sharing 
rept." Report No. FHWA/RD-85/228, Dept. of Civil Engng., West Virginia Univ., 
Morgantown. 

• 



University of Colorado at Boulder 215 

Moulton, L. K. and Kula, J. R, 1980, Bridge movements and their effects, Public Roads, volume 
44, no. 2, 1980, P 62-75 

Moulton, 1. K., GangaRao, H. V. 5., and Halvorsen, G. T. (1982). "Tolerable movement criteria 
for highway bridges. vol I; interim rept." Report No. FHWA/RD-81/162, Dept. of Civil 
Engng., West Virginia Univ., Morgantown. 

Moulton, L. K., GangaRao, H. V. 5., and Halvorsen, G. T. (1985). "Tolerable movement criteria 
for highway bridges; final rept." Report No. FHWA/RD-85/107, Dept. of Civil Engng., 
West Virginia Univ., Morgantown. 

Moulton, L.K., Gangarao, H .V.s., and Halvorsen, G.T., 1981, Tolerable movement criteria for 
highway bridges, Volume 1- Interim Report, report no. FHWA/RD-81/162, Federal 
Highway Administration, Washington, D. C, December 1981, 127pp. 

Murray, R. P. (1980). "In-place roadway foundation stabi1ization." Trans. Res. Rec. 749, Trans. 
Res. Board., Washington, D. c., 1~. 

Nataraja, M. S. (1982). "Bridge foundation needs." Report No. SAI/FJW A-001, Sheladia 
Associates, Inc., Riverdale, Md. 

Nova, R, and Montrasio, L. (1991). ''Settlements of shallow footings on sand." Geotechnique, 
41(2), 243-256. 

Nunan, T. A., and Humphrey, D. H. (1990). "Review and experimentation of gravel 
stabi1ization methods." Report No. FHW A/ME-90/2, Dept. of Civ. Engrg., Maine Univ. at 
Orono. 

Okamoto, T. (1991). "Maximum and differential settlements of large mat foundations." Proc., 
9th Asian Reg. Conf. on Soil Mech. and Fnd. Engrg, Bangkok, v1, 267-270. 

Oteo, C. S. (1983). "Prediction of settlements after deep vibration in granular fills." Proc., 8th 
European Coni. on Soil Mech. and Fnd. Engrg., Helsinki, v1, 283-288. 

Oweis, I. S. (1979). "Equivalent linear model for predicting settlements of sand bases." J. 
Geotech. Engrg. Div., ASCE, 105(12), 1525-1531. 

Paice, G. M., Griffiths, D.V., and Fenton, G. A. (1994). "Influence of spatia1ly random soil 
stiffness on foundation settlement." Vertical and horizontal deformations of foundations 
and embankments, Geotechnical Special Publication 40(1), ASCE, 628-639. 

Paikowsky, S. G., LaBelle, V. A., Regan, J. E., and Chemaukas, L. R. (1994). "Pile settlement 
based on dynamic measurements." Vertical and horizontal deformations of foundations 
and embankments, Geotechnical Special Publication 40(1), ASCE, 269-278. 

Papadopoulos, B. P. (1992). "Settlement of shallow foundations on cohesionless soils." J. 
Geotech. Engrg. Div., ASCE, 118(3),377-393. 

Parry, R. H. G. (1977). "Estimating bearing capacity in sand from SPT values." J. Geotech. 
Engrg. Div., ASCE, 103(9), 1014-1019. 

Parry, R. H. G. (1978). "Estimating foundation settlements in sand from plate bearing tests." 
Geotechnique 28(1), 107-118. 

Peck, R B., and Bazaraa, A. M .. (1969). "Discussion of 'Settlement of spread footings on sand." 
J. Soil Mech. and Fnd. Div., ASCE, 95(3), 905-909. 

Peggs, 1. D., TlSinger, L. G., and Bonaparte, R (19 ). "Durability of a polypropolene geotextile 
in an unpaved road structure." Trans. Res. Rec. 1248, Trans. Res. Board., Washington, D. 
C.,1-13. 



216 University of Colorado at Boulder 

Pells, P. J. N., and Turner, R. M. (1978) "Janbu, Bjerrum, and Kjaersli's chart remterpreted: 
discussion." Can. Geot. J. 15(3),436-447. 

Picornell, M., and del Monte, E. (1988). "Prediction of settlements on cohesive granular soils." 
Measured performance of shallow foundations, Geotechnical Special Publication 15, ASCE, 
55-72. 

Poulos, H. G. (1994). "Settlement prediction for driven piles and pile groups." Vertical and 
horizontal deformations of foundations and embankments, Geotechnical Special 
Publication 40(2), ASCE, 1629-1649. 

Poulos, H. G., and Davis, E. H. (1965). "The settlement behavior of single axially loaded 
incompressible piles and piers." Geotechnique 18(3), 351-371. 

Prellwitz, R. (1981). Foundation engineering handbook, USDA Froest Service, Region I, 
Missoula, MT. 

Randolph, M. F., and Wroth, C. P. (1974). "An analysis of the vertical deformation of pile 
gro~ps." Geotechnique 29(4), 423-439. 

Reckard, M. (1991). "Cost-effectiveness of geotextiles: review of performance in Alaskan roads 
(revised)." Report No. FHWA/ AK/RD-90/04, Statewide Research, Alaska Dept. of Trans. 
and Public Facilties, Fairbanks. 

Sakti, J. P., and Das, B. M. (1987). "Model tests for strip foundation on clay reinforced with 
geotextile layers." Trans. Res. Rec. 1153, Trans. Res. Board., Washington, D. c., 40-45. 

Sarkar, S. K, and Castelli, R. J. (1988). "Performance of wick drains in New Orleans clays." 
Trans. Res. Rec. 1159, Trans. Res. Board., Washington, D. c., 39-47. 

Saye, S. R., Easton, C. N., Smith, W. D., Ness, K H., and Ladd, C. C. (1988). "Experience with 
wick drains in highway construction over soft clay." Trans. Res. Rec. 1159, Trans. Res. 
Board., Washington, D. C., ~7. 

Schagen, I. P. (1980). 'The use of stochastic process in interpolation and approximation." lnt. J. 
Computer Math, section B, 8, 63-76. 

Schmertmann, J. H. (1970). "Static cone to compute settlement over sand." J. Soil Mech. and 
Fnd. Div., ASCE, 96(3),1011-1043. 

Schmertmann, J. H. (1979). "Statics of SPT." J. Geotech. Engrg. Div., ASCE, 105(5), 655-670. 

Schmertfuann, J. H . (1986). "Dilatometer to compute foundation settlement." Use of in-situ tests 
in geotechnical engineering, ed. Oemence, S., ASCE, 3~2l. 

Scholen, D. E. (1992). 'Non-standard stabilizers." Report No. FHW A/FLP-92/011, Forest 
Service, Southern Region, Atlanta. 

Schultze, E., and Sherif, G. (1973). "Prediction of settlements from evaluated settlement 
observations for sand." ." Proc., 8th lntl. Conf. on Soil Mech. and Fnd. Engrg., Moscow, 
v1(3),225-23O. 

Shields, D. H., Descheves, J. H., Scott, J. D., and Baver, G. E. (1980). "Advantages of founding 
bridge abutments in approach fills." Trans. Res. Rec. 749, Trans. Res. Board., Washington, 
D. c., 39-4l. 

Skempton, A. W. (1983) "Standard penetration testing and the effects in sand of overburden 
pressure, relative density, particle size, ageing, and overconsolidation." Geotechnique 
36(3), 425-447. 

Skempton, A. W., and Bjerrum, L. (1952). "A contribution to the settlement analysis of 
foundations on clay." Geotechnique, 7(4), 168-178. 



University of Colorado at Boulder 217 

Skiles, D. L., and Townsend, F. C. (1994). "Predicting shallow foundation settlement in sands 
from DMT." Vertical and horizontal deformations of foundations and embankments, 
Geotedmical Special Publication 40(1), ASCE, 132-142. 

Smith, A.C. (1989). ''Discussion of 'Deterioration of a wall complex constructed of reinforeced 
earth. , .. Geotechnique, 39(3), 567-570. 

Sohn, J., Jeong, H., Hong. S., and Kang, I. (1991). "Soil reinforced under a joint of buried 
pipeline subjected to differential settIement." Proc., 9th Asian Reg. Conf. on Soil Mech. and 
Fnd. Engrg., Bangko~ vI, 339-342. 

Stermac, A. G. (1978). "Bridge foundations move: discussion." Trans. Res. Rec. 678, Trans Res. 
Board., Washington, D. c., 21. 

Stewart, C. F. (1985). "Highway structure approaches." Report No. FHWA/CA/SD-85/OS, 
Div. of Structures, Calif. State Dept. of Trans., Sacramento. 

Stewart, C. F. (1989). "Cracking in fully reinforced bridge deck overlays and PCC tapered 
approach slabs." Report No. FHWA/CA/SD-87/07, Div. of Structures, Calif. State Dept. of 
Trans., Sacramento. 

Stewart, D., and Fahey, D. (1994). "An investigation of the reinforcing effect of stone columns 
in soft clay." Vertical and horizontal deformations of foundations and embankments, 
Geotechnical Special Publication 40(1), ASCE, 513-524. 

Tan, C. K., and Duncan. J. M. (1991). "Settlement of footings on sand - accuracy and reliability." 
Geotech. Engrg. Congress, Geotechnical Special Publication 27(1), ASCE, Boulder, CO, 446-
455. 

Tanahashi, H. (1994). "Probability-based prediction of differential settlements of structures 
using Timoshenko beam on Pasternak model" Soils and Fnds., Japan. 34(1), 77-90. 

Tavares, A. X. (1985). ''Settlement of foundation on clay by CoRP. plate loading tests: Proc., 
11th IntI. Conf. on Soil Mech. and Fnd. Engrg., San Francisco, v2, 945-946. 

Taylor, B. B., and Matyas, E. L. (1983). ''Influence factors for settlement estimates of footings 
on finite layers." Can. Geotech. J., 20(4), 832-835. 

Terzaghi, K., and Peck, R. B. (1948). Soil mechanics in engineering practice. John Wiley and 
Sons, Inc., New York. 

TlIlUl\erman, P. H. (1992). "Evaluation of mechanically stabilized embankments as support for 
bridge structures: Report No. FHWA/OH-91/014, Dept. of Civ. Engrg., Akron Univ., 
Ohio. 

Troung. H. V. P. (1991). ''Movement of bridge abutment due to cyclic loading." Proc., 9th Asian 
Reg. Coni. on Soil Mech. and Fnd~ Engrg,297-302. 

Tsuchida, T. ''Evaluation of differential sett1ements in the airport." Proc., 12th IntI. Conf. on Soil 
Mech. and Fnd. Engrg., Rio de Janiero, v2, 873-876. 

Tuncer, E. R., and Basma, A. A. (1991). "Strength and stress-strain characteristics of a lime­
treated cohesive soil." Trans. Res. Rec. 1295, Trans Res. Board., Washington, D. c., 70-80. 

U.s. Dept. of the Navy. (1986). "Soil mechanics." Design manuaL NA VFAC DM-7.D1, Naval 
Facilities Engng. Command, Alexandria, VA. 

Van Impe, W., and DeBeer, E. (1983). "Improvement of sett1ement behavior of soft layers by 
means of stone columns." Proc., 8th European Coni. on Soil Mech. and Fnd. Engrg., 
Helsinki, vI, 309-312. 



218 University of Colorado at Boulder 

Vanmarcke, E. H. (1975). "Probabilistic modeling of soil profiles." J. Geotech. Engrg. Div., 
ASCE, 103(11), 1227-1246. 

Vanmarcke, E. H., and Fuleihan, N. F. (1975). "Probabilistic prediction of levee settlements:' 
Proc. 2nd Int. Conf. on Appl. of Stats. and Prob. to Soil and Struct. Engng., Aachen, 
Germany, v2, 175-190. 

Vargas, M., and Lane De Moraes, J. T. (1989). "Long-term settlements of tall buildings on sand:' 
Proc., 12th Inti. Conf. on Soil Mech. and Fnd. Engrg., Rio de Janiero, vI, 765-768. 

Vokas, C. A., and Stoll, R. D. (1987). "Reinforced elastic layer systems." Trans. Res. Rec. 1153, 
Trans Res. Board., Washington, D. c., 1-7. 

Wahls, H. (1983). "Shallow foundations for highway structures." NCHRP Synthesis 107, Trans 
Res. Board., Washington, D. C. 

Wahls, H. (1990). "Bridge approaches." NCHRP Synthesis 159, Trans Res. Board., Washington, 
D.C. 

Wahls, H. E., 1990, Design and construction of bridge approaches, National Cooperative 
Highway Research Program Synthesis of Highway Practice 159, Transportation Research 
Board, National Research Council, Washington, D. c., pp 45 

Wahls, H. E., and Gupta, M. (1994). "Settlement of shallow foundations on sand." Vertical and 
horizontal deformations of foundations and embankments, Geotechnical Special 
Publication 40(1), ASCE, 190-206. 

Walkinshaw, J. L. (1978). "Survey of bridge movements in the western United States." Trans. 
Res. Rec. 678, Trans Res. Board., Washington, D. c., 6-11. 

Welsh, J. P. (1992). "In-situ ground modification:' Proc., 2nd interagency symp. on stabilization 
of soils and other materials, Soil Conservation Service, Forth Worth, TX. 

Welsh, J. P., ed. (1987). Soil improvement: a ten year update, Geotechnical special publication 
12, ASCE, 184-196. 

Wolde-Tinsae, A. M., and Klinger, J. E. (1987). ''Integral abutment bridge design and 
construction." Report No. AW0787-313-046, Dept. of Civ. Engrg., Maryland Univ., College 
Park. 

Yamashita, K., Kakurai, M., and Matsuyama, K. (1989). "Settlement analysis of large-diameter 
bored pile groups." Proc., 12th Int!. Conf. on Soil Mech. and Fnd. Engrg., v2, 1079-1082. 

Yamashita, K., Tomono, M., and Kakurai, M. (1987). "A method for estimating immediate 
settlement of piles and pile groups." Soils and Fnds., 27(1),61-76. 

Yokel, F. (1990). "Proposed design criteria for shallow bridge foundations." Report No. 
NlSTIR-90/4248, Center for Building Tech., Nat!. Inst. of Standards and Tech., 
Gaithersburg, Md. 


	Table of Contents

	Synthesis on Faulted Pavements at Bridge Abutments

	Abstract

	Goals of the Research

	Goals of the Synthesis

	Pavement Faults

	Design to Prevent Pavement Faults

	The Synthesis on Pavement Faults

	Occurrence of Pavement Faults

	Causes of Pavement Faults

	Mitigation of Pavement Faults

	Observed Settlements of Bridges and Embankments

	Predictions of Total Settlements

	Differential Settlements

	Spatial Correlation in Settlements

	Predicting Differential Settlements
 
	Tolerable Settlements of Bridge Beams

	Findings

	Recommendation


	Occurrence of Pavement Faults - Reported Causes

	Mitigation of Pavement Faults

	Soil Improvement

	Construction, Design, and Maintenance

	Approach Slabs

	Remediation of Existing Faults


	Observed Total Settlements

	Previous Summaries on Bridge Settlement


	Prediction of Total Settlements 
	Methods for Prediction of Total Settlements

	Comparison of Predicted and Observed Settlements 
	Significance


	Differential Settlements in Bridges

	Differential Settlements

	Thirty Three Highway Bridges

	Prediction of Differential Settlements

	Differential Settlement as a Function of Variance in Total Settlements

	Influence of Distance on Differential Settlements

	Spatial Correlation in Settlements

	Summary


	Limits on Tolerable Settlements for Bridges

	Tolerable Settlements

	Using Limits on Tolerable Settlements

	Stress Analysis for Tolerable Settlement Limits

	Inelastic Analysis of Tolerable Settlement for Steel Beams

	Design Capacity for Inelastic Rotations

	Settlement Capacity of Steel Bridge Beams - Examples

	Summary


	Bibliography




