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PREFACE

The use of strut-and-tie models is an attractive method for detailing reinforced
concrete structures. The strut-and-tie model offers the designer a rational procedure for
“visualizing" the flow of forces in a structure or a detail. The literature contains many
papers dealing with the concepts involved in strut-and-tie modeling. However, very little
experimental research has been done to establish the limits needed to ensure that
strut-and-tie models are correctly conceived by the designer and that the elements of the
model (struts and ties) will develop the strengths needed to transfer forces properly within
the structure. The objective of this portion of the program was to provide experimental data
which could be used to verify the feasibility of using strut-and-tie models and to determine
pertinent compressive stress levels in the concrete struts as well as bond and anchorage
requirements for the tension elements or ties.
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SUMMARY

The objective of the test program undertaken in this study was to develop
experimental data for defining various elements of strut-and-tie models. The data was used
extensively in establishing design guidelines for details of structural reinforced concrete
(Report 1127-3F).

The experimental program was divided into three phases. The first phase consisted
of tests of four dapped beam details. A dapped beam was selected as a typical detail,
commonly used in highway structures, and one for which several different design approaches
have been proposed. Phases two and three consisted of tests of isolated portions (nodes)
of the structure as modeled using the strut-and-tie approach. Nine CTT (compression-
tension-tension) and ten CCT (compression-compression-tenson) nodes were tested. At
these nodes three forces converge at a point in the strut-and-tie model. Variables included
reinforcement arrangement and layout, concrete strength, bearing area of the effective strut,
and anchorage details.

The results indicated that the dapped beam detail can be efficiently and effectively
designed using a strut-and-tie model. The isolated node tests provide useful information on
the performance of the concrete in the compression strut and on the anchorage of
reinforcement in the node. The node tests provide an inexpensive way to determine critical
data for developing design guidelines.
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IMPLEMENTATION

The results of this portion of the study are intended to provide the experimental data
needed to develop specific design guidelines for use of the strut-and-tie model in detailing
reinforced concrete structures. The design guidelines are presented in Report 1127-3F.
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CHAPTER 1
INTRODUCTION

1.1 Background

In recent years, rapid advancement in the use of structural concrete has occurred.
Longer spans, more complex geometries and new construction techniques are being utilized. -
The term "structural concrete" is used to address the wide spectrum of reinforced and
prestressed concrete ranging from elements with only unstressed or "passive" reinforcement
to elements with all prestressed or "active" reinforcement. Composite construction with
structural steel members is used where economically beneficial. The industry trend is
toward higher strength materials, especially higher strength concrete. The diversity of forms
and types of reinforcement has added to the complexity of structural design. These new
technologies create a need for a better understanding of and approach to detailing practices.
Design involves far more than analysis to determine member forces and proportioning the
members to obtain safe stresses. It requires a certain amount of "detailing” which affects
the overall safety, economy, and constructability of the structure. In concrete structures,
detailing would encompass:

1. Preparation of drawings showing the size and location of structural elements and
reinforcement.

2. Specification of bar details such as anchorage provisions and location of splices and
overlaps.

Detailing should not be confused with the "details" of a structure. Details would
include statical or geometrical discontinuities such as point loads or frame corners, corbels,
recesses, holes and other openings™. Examples of details which may occur in bridge and
building construction are shown in Fig. 1.1. The structural engineer must be concerned with
the "detailing" of reinforcement whether he is designing the "details" or other parts of the
structure. Details and detailing are equally important in monolithic construction and
"mixed" structural systems because they are essential to overall structural integrity.

Neither the ACI Building Code” nor the generally similar provisions of the
AASHTO Bridge Specifications® address detailing of reinforcement extensively or
uniformly.  Provisions governing development length, lap splices, bar spacing, and
reinforcement details such as standard hooks and bends are included. Detailing of
transverse or confining reinforcement in members subjected to axial or shear forces is
described by general guidelines. Even though the codes offer no general method or
philosophy, the designer is able to detail reinforcement in standard portions of structures
expeditiously.
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Figure 1.1 "Details" That May Exist in Actual Structures.

To complement design codes, detailing manuals are often utilized. These manuals
are collections of drawings of typical details without any consistent philosophical basis. It
may be difficult for the designer to adapt "typical details" to new and unusual circumstances.
While handbooks of design procedures represent a general approach, each detail may be
based on a different design philosophy and may be presented without explanation. In
general, it is difficult for the designer to envision the flow of forces and understand the
function of the components making up a portion of a structure.

Unusual or complex situations often present the designer with numerous difficulties.
There is not a general methodology for "detailing." The ACI Code has some specific
provisions for details such as brackets and corbels, anchorage zones, and joints in seismic
frames. Additional guidance for design of details may be found in documents published by
the Prestressed Concrete Institute®®, the Post-Tensioned Concrete Institute™, and the
Concrete Reinforcing Steel Institute®. Various ACI committees have also developed
reports and standards covering details and detailing. Most of these manuals and standards
tend to be empirical in nature, focused on specific applications and lack a conceptual model
to assist the designer. Thus, the recommendations are either extremely vague or extremely
rigid and it is difficult to extend them to other applications.

A more fundamental approach to design is the use of strut-and-tie or "truss" models.
In this approach, a portion of a structure is modeled as a system of struts and ties. The
struts represent compressive forces in the concrete and the ties tension forces in the
reinforcement. A statical force path composed of struts and ties is visualized and
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reinforcement requirements and concrete compressive stresses are determined. This

approach promotes a better understanding of force transfer mechanisms and improves the
designer’s ability to handle unusual circumstances.
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(b) Analogous truss representing flow of forces.

Figure 1.2 Truss Analogy.

Truss models for shear design of reinforced concrete beams were introduced by
Ritter® near the turn of the century. The procedure was later generalized by Mérsch®.
In truss models for shear, the reinforced concrete beam is represented by an analogous
truss. A typical reinforcement scheme in a cracked reinforced concrete beam will mobilize
"truss" action as shown in Fig. 1.2. Fundamental work, incorporating truss models for
reinforced concrete detail design, was carried out and presented by Leonhardt®. Various
researchers, including Neilsen et al.®”’, Lampert and Thiirliman“?, Mitchell and Collins®?,
and Ramirez?, have worked to refine and expand the method so it is applicable to shear,
torsion, and the interaction of these actions, as well as bending. Recently, MacGregor"?,
Marti™, and Schlaich, Schifer and Jennewein® have published refined methods for
detailing structures using truss models. In a major contribution for English language readers
Schlaich et al."> have presented the "strut-and-tie" model as a generalization of previous
truss models applicable to the entire structural concrete spectrum. The present study,



following the proposal of Schlaich and his co-workers, identifies the strut-and-tie model as
a unified design concept applicable to all portions of the structure.

Despite considerable recent progress, the strut-and-tie model is still highly conceptual
and has not been subjected to comprehensive verification through tests. Empirical
expressions developed for the failure criterion of cracked concrete struts are a necessary part
of the model and have been widely discussed® 119, Also, stress checks at the nodes
require highly graphical procedures which are cumbersome during design. Some portions
of the method have been fully developed. Lack of consistent code provisions can allow the
designer to make unreasonable assumptions regarding the flow of forces and subsequent
reinforcement detailing. Dimensioning of the strut and tie members and limiting of the strut
and nodal concrete stresses must be better quantified before the method can be practically
implemented.

12  Project Description and Scope

The research described herein is part of a larger study supported by the Texas State
Department of Highways and Public Transportation (TSDHPT) to develop general
guidelines based on refined strut and tie models for the detailing of structural concrete
utilized in U.S. and Texas transportation structures. It is envisioned that the designer will
approach the detailing of a concrete member using the strut-and-tie model much as he
would the detailing of a steel truss. After selecting a suitable truss to carry the applied
loads for the given boundary conditions, the designer would analyze the truss for member
forces. The truss members would then be proportioned to carry the indicated forces.
Lastly, the designer would detail the connections at the nodes. Simple strut-and-tie models
could be applied to numerous design situations. The research reported herein involves the
use of specific application of strut-and-tie or truss models to the detailing of dapped end
beams.

Dapped end details are used by the TSDHPT in precast bridge construction as part
of "drop-in" beams. In this system a precast beam is cantilevered across a support location
which corresponds to a hinge. Drop in beams span between hinges. The connection at the
hinge is made by notching the upper corner of one beam and lower corner of the other.
The notched area is referred to as a dapped end detail (Fig. 1.3).

The investigation consisted of four separate tasks. The first task was a review of
literature concerning the strut-and-tie model which is presented in Chapter 2 and is
discussed in considerable detail in Report 1127-3F. A summary of the basic elements of the
strut-and-tie model is presented. Various approaches presented in the literature are utilized
to describe the current state of the strut-and-tie model as a design method.

The second task involved an experimental study of dapped beams. Three methods
of designing dapped end details were examined. The strut-and-tie models described in
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Figure 1.3 Strut and Tie Model of the Prototype Dapped Beam.

Chapter 2 were utilized to develop the dapped end detail. Design procedures recommended
by the Prestressed Concrete Institute (PCI) along with the method currently used by the

TSDHPT were also reviewed.

After reviewing the strut-and-tie model in current literature and trying to design
dapped end members using this approach, it was apparent that the existing state of
knowledge was not sufficient for application of the model to complex detailing situations.
Particularly troublesome were the nodes. Therefore, the third and fourth stages of the study
were focused on developing an in-depth understanding of isolated nodes (See Fig. 1.3).
Physical tests were performed to enhance the understanding of the node.

In the third task, behavior of nodes joining two tensile ties and one compression strut
[CTT Node, Fig. 1.3(b)] were studied. In the fourth task the reaction area of a dapped
beam where two compression forces and a tension tie meet [CCT node, Fig. 1.3(c)] was
isolated and tested. These two node cases were chosen because they occur frequently in
design and can be studied with relatively simple tests. The node tests complimented the
tests of the full-sized, dapped beams studied in Task 2. In the isolated node test specimens,
reinforcement patterns similar to those present in the nodes of the full-sized, dapped beams

were used.
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CHAPTER 2 |
THE STRUT-AND-TIE MODEL

2.1 Introduction

In the strut-and-tie model, the stress distribution is 1deahzed as a static force system
consisting of three basic elements:

Struts
Ties
Nodes

The strut-and-tie model behaves essentially as a truss. Compressive forces are directed
along struts representing compressive stress fields within the concrete. Tensile forces are
directed along ties which represent reinforcement. Intersections of struts and ties occur at
nodes which are idealizations of areas in which internal forces are redirected.

By replacing a complex structural system with a strut-and-tie model, estimates of the
internal forces in the system can be obtained by analyzing the truss with the external forces
applied to the system. The estimates of internal forces may then be used to determine
reinforcement requirements, check  concrete stresses and determine anchorage
requirements. Some typical examples of strut-and-tie models are illustrated in Fig 2.1.

In this chapter, a brief overview of the strut-and-tie procedure for design of
structural concrete is presented. A more comprehensive evaluation of the strut-and-tie
model is presented in Report 1127-3F. The following discussion is a summary of the
proposals of several researchers regarding application of strut-and-tie models. The focus
is on design of details for which no rational design methods currently exist. Therefore,
applications such as uniformly loaded simple beams are only briefly mentioned.

22  Basic Principles

2.2.1 Background and Assumptions. The strut-and-tie model is a limit analysis
approach to the design of structural concrete. More specifically, the strut-and-tie model is
a static or lower bound plasticity solution. Marti' explains that strut- and-tie models
represent a possible equilibrium system of forces within a structure at its ultimate load.
While the plasticity theory behind the strut-and-tie model is quite complex, it is primarily
used to establish a rational basis for the method. For most practical applications, it is only
necessary to understand that a properly chosen and dimensioned strut-and-tie model
represents a lower bound estimate of the true capacity of a structural element assuming
other brittle failures such as stability, local crushing, or anchorage are precluded.
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Figure 2.1 Examples of Strut-and-Tie Models (From Ref. 1).
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Although development of a detailed mathematical verification for the strut-and-tie
method is unnecessary to understand its application, awareness of the assumptions is
important. The most important assumptions are summarized below:

1) Failure is due to the formation of a "mechanism" resultmg from yielding of
one or more ties.

2) Crushing of the concrete struts does not occur prior to yielding of the ties.
This is prevented by limiting the stress level in the concrete.

3) Only uniaxial forces are present in the struts and ties.
4) All external loads are applied at the nodes of the strut-and-tie model.
5) The reinforcement is properly detailed to prevent local bond failures.

2.2.2 Types of Strut-and-Tie Models. Strut-and-tie models are often divided into two
categories based upon the regions of the structure to which they apply™ > 18 The
distinction is based on the elastic stress distribution within the structure. While elastic
stresses are not necessarily representative of the stress distribution in an actual concrete
structure, they are utilized to characterize different areas of a structure. Division between
regions of a structure can be illustrated by considering a simple beam under a central
concentrated load as shown in Fig. 2.2a. The elastic state of stress in the beam may be
characterized by the use of stress trajectories (contours of principal stress). At the
concentrated load, and at the supports, where the stresses are "Disturbed”, the areas are
defined as D-regions. Between D-regions, the stress distribution is essentially uniform and
regular and the linear strain profile assumption of "Bernoulli" is applicable. These areas are
identified as B-regions. D-regions may also result from geometrical discontinuities. The
subdivision of other types of structures into B and D regions is illustrated in Fig. 2.3.

Design of B-regions is accomplished using a special type of strut-and-tie model which
is generally termed the "truss analogy". An example of a truss model is illustrated in Fig.
2.2b. The truss model has been used extensively as a conceptual model for shear design.
In the truss model for a simply supported beam the lower horizontal chord represents
longitudinal reinforcement while the upper chord represents the concrete compression zone.
The stirrups are the truss vertical members. Inclined compression struts are used to
represent diagonal compression in the web of the beam. The truss model can be most easily
used for the design of beams or B-regions. Its use in D-regions is mainly confined to
location where concentrated loads produce compression fields which radiate outward from
the load (Fig. 2.4). In the strut-and-tie model, the truss analogy generalized and
extended so that it may be applied to a variety of design situations'™ ®, The wide range
of D-regions which occur in structures can be handled using strut-and-tie models.
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Figure 2.2 Application of Strut-and-Tie Model to Simple Beam.
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Figure 2.3 Examples of B- and D-Regions (From Refs. 13 and 15).
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Figure 24 Compression Fields Radiating Outward From Concentrated Loads.

2.2.3 Design Procedure. 'The general procedure in applying the strut-and-tie model
is summarized in Fig. 2.5. After the basic structural system is established, loads and
member sizes can be estimated and the structure analyzed to determine reactions. To apply
the strut-and-tie model, a specific area of the structure which is to be designed (the "detail")
can be isolated, dimensions estimated and forces acting on the specific area determined.
The detail can be replaced by a strut-and-tie model which satisfies equilibrium and the
local boundary conditions. Internal forces in the struts and ties can be determined from
equilibrium. The reinforcement can be dimensioned using tie forces and stress levels in
the concrete struts checked. Finally, the nodes are evaluated to ensure proper development
of remforcement and transfer of forces.

Design using the strut-and-tie model is often an iterative procedure as many of the
steps are interrelated. It is likely that the geometry of the model and the detail will need
to be altered as specific reinforcement sizes, anchorage requirements, etc. are developed.
A sketch of the detail drawn to scale can help the designer get a "feel" for the force transfer
‘mechanism. :

2.3 Elements of the Strut-and-Tie Model

2.3.1 Ties. ﬁ’ies are the tension members of the strut-and-tie model. Usually, tie
forces are resisted by reinforcement placed symmetrically about the line of action of the
force. The reinforcement must extend the entire length of the tie and should be properly
anchored at the nodes. The amount of reinforcement to be provided is determined from
the tie force. Ideally, the tie should be proportioned so that at the ultimate design load it
will just reach yield. In order to ensure a ductile failure mode, sufficient yielding must occur
to allow the formation of a mechanism prior to crushing of the concrete. Tie reinforcement
may consist of smgle or multiple bars or of prestressing strands. Schlaich® indicates
reinforcement considered to be part of a given tie should undergo similar strains in order
to act as a unit or a single tie.

[
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DEFMFINE GENERAL STRUCTURAL SYSTEM
DETERMINE LOADS, ESTIMATE DIMENSIONS AND MEMBER

ISOLATE DETAIL REGION.

MODEL AS A SYSTEM OF STRUTS AND TiES.

|

COMPUTE STRUT AND TIE FORCES

|

DIMENSION REINFORCEMENT FOR TIES

|

CHECK CONCRETE STRESSES

|

DETERMINE ANCHORAGE REQUIREMENTS

Figure 2.5 Strut-and-Tie Model Design Procedure.

2.3.2 Struts. Compression members of the strut-and-tie model are known as struts.
Struts are usually considered to be comprised of concrete. Struts represent stress fields
in the concrete. Various types of struts have been developed to characterize different
stress fields. Three configurations are sufficient to model most situations (15). These are
the prism, fan and bottle struts illustrated in Fig. 2.6. A prismatic strut is the simplest
idealization of a compressive stress field. Prisms are generally used to model stress fields
having uniform parallel stress trajectories. Fan shaped stress fields are developed at points
of concentrated loading or at supports. Figure 2.7 illustrates a fan region such as that
which develops at the support in a simple beam. This fan region incorporates a series of
trapezoidal struts which act - to distribute force from the node at the point of reaction to
several stirrups.

In some cases, a stress field which narrows near points of concentrated loads or at
supports is modeled using a bottle shaped strut as shown in Fig. 2.8. The inclined struts
produce tensile stresses normal to the line of action of the applied forces which must be
resisted by transverse reinforcement or by tension in the concrete. Figure 2.8 shows the
bottle or bulb strut represented using a simple strut-and-tie model for analysis.
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Figure 2.6 Basic Types of Struts (From Ref. 15).

2.3.3 Nodes. Nodal regions connect the elements of the strut-and-tie system. In
strut-and-tie models, nodes represent the pinned joints of a truss. Physically, nodes
represent regions in which internal forces are redirected. The importance of nodes in the
design process is twofold. First, concrete stress levels in nodes must be controlled to allow
for the safe transfer of forces. Secondly, dimensioning of nodes is the key to satisfying
anchorage requirements for reinforcement.

Figure 2.9 illustrates singular and smeared nodes. The singular node connects strut
and tie forces in relatively small areas. Smeared nodes, in contrast, join wide stress fields
or ties made up of a number of distributed bars. Of the two types of nodes, the singular
node is generally the more critical since the force transfer is more abrupt and creates
higher stress concentrations. The following discussion is focused on singular nodes. Nodes
may be grouped into subsets relating to the type of elements which they join. For instance,
a node joining two compression struts and one tension tie is termed a CCT-node.
Examples of various singular nodes are shown in Fig. 2.10. :

The "dimensioning” of nodes is largely determined by two constraints. The first
constraint is that all the lines of actions of strut and tie as well as any external forces must
coincide. Secondly, the widths and relative angles of the struts and ties determine node
geometry. ;
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Figure 2.8 Bottle or Bulb Shaped Struts (From Ref. 15).

Dimensioning of the node and checking boundary stresses are interrelated. Node
i geometry is selected so that stresses along the border of the node do not exceed the limitin 15%
- i value of concrete stress (see Section 2.4 for limiting stresses). Furthermore, SchiaichC
recommends dimensioning the node so that a state of planar hydrostatic stress within the
i node results. This state of stress is achieved by choosing the node geometry so that the
o i stresses on all the node’s faces are equal. An example of a CCC-node under a hydrostatic

N " stress state is shown in Fig. 2.11. Because the node is hydrostatic, strut forces are
: proportional to their width and the sides of the node are perpendlcular to the axis of each
R : of the struts.
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Figure 2.12 Idealization of Tie Forces Within Nodal Regions.

In some cases the geometries of the struts and ties may not allow for equalization
of the boundary stresses. More complex situations are discussed in Report 1127-3F.

Nodes anchoring tension ties are dimensioned in a manner similar to the CCC-node.
This is made possible by assuming the tie forces act from behind the node to compress the
nodal region( . The anchorage of reinforcement is often visualized as a plate even though
most reinforcement is anchored by simply providing sufficient development length (see Fig.
2.12). The dimensions of nodes joining ties is often controlled by the width of the tie. Thus,
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placement of reinforcement can be critical to the design of nodes. The use of multiple layers
of reinforcement increases the width of the tie and reduces stress levels in the node (Fig.
2.13).

One of the most commonly occurring nodes is the CCT-node located at the supports
of beams (Fig. 2.13). The dimensions of the nodes in Fig. 2.13 are defined by the width of
the tension tie. Where the reinforcement is relatively close to the bottom of the beam, the
tie width is defined by Schlaich et al. ) as being twice the distance from the center of
gravity of the reinforcement to the bottom of the beam. It is obvious, however, that as the
center of gravity of the reinforcement is moved further from the bottom of the beam there
must be a limit on the tie width. Martl( ) therefore, defines the tie width w (Fig. 2.14) using
the mechanical reinforcement ratio "

where:

width of beam

height of beam

area of flexuraakeinforcement

yield of strength of flexural reinforcement
effective concrete stress (see Sec. 2.4)

R’ﬂ-..;‘hu.}. & O

Schlaich() suggests that dimensions of the CCT-node are dependent on factors such
as the relative magnitude of stress fields and the amount of tie reinforcement. Only a few
node configurations have been addressed to a degree that would allow designers to use
them with confidence. Fundamental node dimensioning techniques have not been verified
experimentally, Figure 2.15 shows CCT-nodes with different strut widths results from where
reinforcement anchored using straight bars or hooked bars.

The final step in evaluating a node is checking anchorage of tie reinforcement.
Anchorage is achieved by providing proper development length or in special circumstances
by attaching the reinforcement to bearing plates or other fixed components. The key to
determining anchorage requirements is selecting the point at which the reinforcement must
be fully developed. In the case of the CCT-node shown in Fig 2.16, the anchorage is
considered to begin at the inside of the support because of the compression stresses from
the bearing plates. If sufficient space is not available for hooks or normal development
lengths, end plates or continuous reinforcement details such as "U’s" may be utilized. Also,
confining hoops or spirals may be used to improve development.




..... . ]‘
—(- w2
—
— |
(2)
Wy < W,
---------- » w4t< A
——
il
(b)

Figure 2.13 Effects of Decreasing Tie Width on Node Geometry (From Ref. 15).
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(a) Possible compressive stress field in CCT- (b) Possible compressive stress field in CCT- R
node with straight bar anchoring tensile tic node with hooked tensile tie b

Figure 2.15 Effect of Anchorage Detail on CCT-Node Geometry.
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Figure 2.16 Anchorage of Reinforcement in CCT-nodes.

24  Effective Concrete Strength Limits

The general goal in structural concrete design is to produce members in which the
critical section will exhibit ductile behavior under extreme overload. This is done by
ensuring that the reinforcement yields before the concrete fails. To ensure ductile behavior
it is necessary to place a limit on stress levels in the concrete.

In general, the effective strength of the compression struts is chosen as some portion
of the concrete cylinder compressive strength .. The effective strength, f,,» is equal to
vf. 'where y is an efﬁc1ency factor and f is the §8 day compressive strength Because the
strut-and-tie model is associated with the ultimate limit state, substantial cracking may be
expected to reduce the concrete compressive strength. Furthermore, in the strut-and-tie
model, struts are assumed to be loaded uniaxially. Actually, frictional forces, aggregate
interlock and dowel forces are present which may also affect concrete strength. Hence, an
efficiency factor, v, is introduced to reflect this decrease.

Considerable research has been conducted in an effort to determine the limiting
concrete compressive stress for struts. Much of this work has focussed on the webs of
beams. Empirical relations for the efficiency factor of concrete struts in beam webs as
suggested by Neilsen®, Thurlimann®®, and Ramirez @ are summarized in Fig. 2.17.
Collins and Mitchell®? present a more detailed method of determining the limiting stress
in compress10n struts which is based on results of tests on shear panels. The compresswe
strength is related to the principal tensile strain along with the cylinder compressive
strength.
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Figure 2.17 Effective Concrete Compressive Strength.

The various proposals for effective concrete stress are based on tests of continuous
compression fields either in beams or shear panels. In more general applications,
recommendations are required for isolated struts and nodes where the state of stress may
be quite different from the continuous compression fields. Proposals for effective concrete
strength from References 13 and 15 are summarized in Tables 2.1 and 2.2, respectively.
It should be noted that a variety of different terms have been used in the literature to
express the effective concrete stress. In this report f,, will be used for consistency.

25  Modeling
25.1 General Guidelines. One of the key elements in the application of the
strut-and-tie model is selection of an appropriate design model for a specific detail. Model

development is constrained by the following considerations:

e Ease of Fabrication
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TABLE 2.1 Effective Concrete Strength Limits Proposed by Schlaich™

STATE OF STRESS AND/OR REINFORCEMENT LAYOUT FOR f.
STRUT OR NODE

Undisturbed and uniaxial state of compressive stress that may exist for prismatic struts and 0.85 fc/
CCC-nodes
Tensile strains and/or reinforcement perpendicular to the axis of the strut may cause cracking | 0.68 fc/
parallel to the strut with normal crack width; this applies also to nodes where reinforcement
is anchored in or crossing the node.
Tensile strains causing skew cracks and/or reinforcement at skew angles to the strut’s axis 0.51 fc/
For skew cracks with extraordinary crack width. Skew cracks would be expected if modeling 0.34 fc/
of the struts departs significantly from the theory of elasticity’s flow of internal forces.
Considerable redistribution of internal forces would be required to exploit the member’s
ultimate capacity.

Table 2.2 Effective Concrete Strength Limits Proposed by MacGregor®

Structural Member L.

Truss Nodes:

Joints bounded by compressive struts and bearing areas 0.85 fc/

Joints anchoring one tension tie 0.65 fc/

Joints anchoring tension ties in more than one direction 0.50 fc/
Isolated compression struts in deep beams or D-regions '-0.50 fc/
Severely cracked webs of slender' beams:

Strut angle = 30° 0255/

Strut angle = 45°

045/




24

¢ Equilibrium
¢ Ductility
¢ Serviceability

In many cases practicality and ease of fabrication will have the greatest influence
upon the configuration of the design model. Models which result in details that are overly
congested or difficult to fabricate should be avoided. The reinforcement pattern selected
for the detail should follow the reinforcement scheme used in adjacent portions of the
structure.

In order to satisfy the requirements of the theory of plasticity, a model must be in
equilibrium under the applied loads. However, if the selected force system or "truss” is to
develop fully, the load carrying capacity of the struts and the rotational capacity of the
nodes must not be exceeded before the ties yield. To fulfill the latter ductility requirement,
it is suggested™!” that the model be oriented so as to approximate elastic stress
trajectories. ‘

A fundamental consideration in any design process is serviceability. According to
Schlaich®7?, crack control is provided by orienting the strut-and-tie model according to
the elastic stress trajectories. In addition, accepted standards for bar spacings, minimum
reinforcement, and control of creep and shrinkage should be followed.

In the B-regions of beams, inclined compression strut angles are limited to promote
better serviceability behavior. It may be shown that the choice of a strut angle determines
the relative amounts of longitudinal and transverse reinforcement. A very low strut angle’
requires a large amount of longitudinal reinforcement relative to transverse reinforcement
while the converse is true for steep angles. In either case extreme strut angles may result
in excessive cracking. Although various limits have been proposed, there is some agreement
that strut angles should be between 30 and 60 degrees. Limits on strut angles have not been
fully addressed for structural components other than beams even though it is apparent that
similar problems may be encountered in other detailing situations. In more general details,
however, it may be difficult to establish a frame of reference from which to measure strut
angles.

2.52 Model Development. Some authors, in particular Schlaich™), emphasize
developing a model which conforms to the elastic stress trajectories within the structure.
The elastic stress distribution in a structural element may be determined from a finite
element analysis. A strut-and-tie model condenses internal forces along a few discrete lines
of action of strut-and-tie elements and can only follow the continuous elastic stress
distribution in a very general sense.

An example of the orientation of strut-and-tie elements along elastic stress
trajectories is illustrated in Fig. 2.2 for the case of a truss model of a simple beam. In the
upper portion of the beam principal compressive stresses are nearly parallel to the beam
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axis and are represented in the truss model by the upper horizontal strut. In the same
manner the lower tension tie represents principal tensile stresses in the lower portion of
the beam. Rather than selecting the location of the upper and lower chords based on the
elastic stress distribution, the distance between the upper and lower chords is chosen to
maximize the moment capacity of the section. Inclined compression struts are aligned with

~ the curvature of compression trajectories near mid-depth of the beam but deviate from the

compression stress directions at other locations. The same is true of stirrups (vertical ties)
which correspond to principal tensile stresses only near the top of the beam and are
oriented vertically primarily for ease of fabrication. Thus the truss model for a sunple beam
represents only an approximation of the elastlc stress trajectories.

An alternative method for developing strut-and-tie models based on estimated load
paths is presented by Schlaich®), Figure 2.18 demonstrates the load path for a typical
D-region. After equilibrium of the D- region free body is satisfied, stresses on the
boundaries are computed. The boundary stresses are subdivided and resultant force
determined. A suitable load path between the resultant forces is then drawn. Load paths
should follow the most direct route between forces and should not cross one another. After
drawing the load paths a strut-and-tie model may be constructed. Load paths may be used
in conjunction with elastic stress trajectories to aid in model development of the strut-and-tie
system.

The selection of strut-and-tie elements is often complicated by the fact that, for any
given detail, there may be more than one valid configuration. In general, the most suitable
configuration is one that prov1des a path with the fewest deviations. Since the concrete struts
are undeformable in comparison to the tension ties, the model should be chosen to
minimize the volume of reinforcement™. Figure 2.19 illustrates two examples of this
concept. In any case, the designer must rely heavily on Judgement and practical
considerations in the development of a sultable detail.

2.6 Summary

‘The strut-and-tie approach is a unified design concept that permits consistent

treatment of all portions of a structure. It is a generalization of the well known truss

analogy which has been used extensively as a conceptual model for concrete beams
subjected to shear, bending and torsion. Strut-and-tie models have their basis in the theory
of plasticity, but they may be applied by using a consistent set of rules without the need of
complex theones

The method is especially helpful in detalhng situations for which no ratlonal design
procedure exists. The designer must envision the flow of forces within a detail and provide
a viable means of transferring the force. By visualizing the flow of forces, the designer will
have a better understanding of behavior. :
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Figure 2.18 Load Path Method for Develdpment of Strut-and-Tie Models (From Ref. 15).
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(a) Poor model (b) Good model

1]

(¢} Poor model (d) Good model
Figure 2.19 Optimization of Strut-and-Tie Models (From Refs. 13 and 15).

Despite the advantages of the strut-and-tie model, portions of it lack adequate
definition and have not been extensively verified for use in designs meeting U.S. codes.

. Further research in the application of strut-and-tie models to various design situations is
M A e . . . . . .
needed. Specific areas in which further guidance is required include:

L i '
- | ° Distribution and spacing of reinforcement in ties

| 4 Allowable concrete stress levels
- . Nodes
- ® Serviceability criteria
o The objective of this study was to review existing data and to produce new data
— addressing the areas identified above.
q
)
o
J
]
J

i
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CHAPTER 3
TESTS OF DAPPED BEAM DETAILS

31 Introduction

In order to evaluate the use of the strut-and-tie model as a design tool, a dapped end
beam was chosen for testing. The objective was to compare the behavior of specimens
designed using strut-and-tie models and those designed using other accepted practices.
Since the strut-and-tie model is presumed to represent internal forces within the structure,
measured internal force distributions were compared with those assumed in the strut-and-tie
model.
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Figure 3.1 Prototype TSDHPT Dapped End Geometry.

32 Prototype and Model Selection

A typical TSDHPT dapped end detail is shown in Fig. 3.1. The test specimens were

approximately half-scale models of the prototype TSDHPT girder (Fig. 3.2). In most

TSDHPT girders with dapped ends, the girders are prestressed. The test specimens
contained deformed reinforcement only. The reinforcement details and the beam section

29
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Figure 3.2 Test Spccimeﬁ Geometry.

reinforcement consisted of 12 #5 bars arranged in two rows. Two #5 bars were placed
longitudinally in the top portion of the beam to facilitate fabrication. The top four inches
of the specimen were unreinforced to simulate the additional depth of a composite bridge -
deck. Outside of the dapped end regions #3 stirrups were placed at 6 in. on center. The
stirrup details used are similar to TSDHPT practice (see Fig. 3.3). Each stirrup consisted
of four legs with the center legs forming a hoop at the top to act as shear connectors for
the composite deck. The beam had a rectangular cross-section with a 12 inch width which
was selected to preclude any local compression failures and to represent the thickened end
region often used in typical girders.

A total of four details were tested using two beams. Each detail was designed for
an end load of 100 kips and a concrete compression strength of 5000 psi. No load factors

or understrength factors were used. Grade 60 deformed reinforcing bars were utilized in

the test specimens were standard deformed bars. All bars of a given size were from the
same heat. Results of tensile tests on the bars indicated a yield point of 61 ksi for #3 bars
and 67 ksi for #7 bars. Mild steel bar stock utilized for the strap had a yield stress of 43
ksi.

The concrete mix proportions are summarized in Table 3.1. The maximum coarse
aggregate size was 3/4 inch. Six by twelve in. cylinder tests were utilized to determine the
compressive strength of the concrete. The 28-day strength and the strength at the time of
testing is given in Table 3.2 for each of the details.
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33 Specimer STi - Strut-and-Tie

Model [ i a. o~ .
oce Table 3.1 Concrete Mix

331 Choice of Model. A number Proportions
of models have been proposed for dapped 434 Ib/vd
members which are based on different Cement fy
load paths. In the first case (Fig. 3.4a), a Coarse Aggregate 1870 | Ib/yd
primary vertical tie placed just beyond the .
interface of the dap and by a horizontal tie Fme Aggregate 1385 | Ib/yd
extending from the dap into the full depth Water 250 | Ib/yd
section provide the primary tensile ties for
transferring forces. In the second case, a Retarder 14 | oz/yd
diagonal tie extending from near the top of Superplasticizer 47 oz/yd

the dapped portion of the beam down to
the lower portion of the full depth section
(Fig. 3.4b) provides the primary tensile
force transfer capacity. The third case
represents a case which combines the previous two cases (Fig. 3.4¢c).

The selection of a particular model
represents a compromise between ease of

fabrication and fidelity to the elastic Table 3.2 Summary of Concrete
principal stress directions shown in Fig. Strengths

35 The model in Fig. 34a re§ults in a Detail 28-Day Test
reinforcement pattern which is easy to Strength Strength
place and is well suited to the overall (psi) (psi)
reinforcement pattern of the beam. — =

However, the model forces the load path ST1 6310 6280
to deviate substantially from elastic stress

directions. The diagonal reinforcement MF 6310 6420
required by the model in Fig. 3.4b is PCI 7470 7470
slightly more difficult to place and anchor

properly but follows the principal elastic ST2 7470 7470

tensile stress directions closely. More

complicated models such as the one shown

in Fig. 3.4c result in congestion which

complicates fabrication. However, it is obvious that the confinement provided in the
crack-prone re-entrant corner region and the distribution of reinforcement should resuit in
better performance.

For test ST1 the strut-and-tie model shown in Fig, 3.6a was selected. It is assumed
that a vertical load acts on the span away from the dap. Dead load is neglected to simplify -
the discussion.
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Figure 3.5 Elastic Stress Tréijectories in a Dapped End (From Refs. 21, 24).

3.3.2 Design of ST1. The inclined compression strut angle, ¢ = 50° was selected.
The angle determines the magnitude of the forces in the members of the strut-and-tie
model. Examination of tie forces in Fig. 3.6b shows that selecting a relatively steep angle
is advantageous as a smaller area of reinforcement is required for the horizontal ties. A
further consideration on selection of the strut angle, ¢ is placement of reinforcement.
Adequate space must be allowed for placement of reinforcement for ties 1 and 2. After
selecting the strut angle, forces in the ties were determined and reinforcement for the ties
was selected. It is logical to select reinforcement for vertical ties first.” The force in the
vertical ties is independent of model geometry and equals the beam reaction.
Reinforcement should be placed within the boundary region where the ties are considered
to act as shown in Fig. 3.7. For the vertical ties, the use of stirrups similar to the main
shear reinforcement in the beam is most practical.

After selecting vertical reinforcement, horizontal reinforcement in the dapped end
was determined (element 1 in Fig. 3.4a) from the tie force given in Fig. 3.6b. The location
of vertical and horizontal tie reinforcement (elements 1,2 and 3 in Fig. 3.6a) should be
checked to ensure consistency with the strut angle previously assumed. It may be necessary
to revise the model geometry and repeat the design process at this stage.

After reinforcement for ties 1, 2 and 3 (Fig. 3.6a) was determined and located
according to the strut angle selected, reinforcement for the lower longitudinal tie (member
7 in Fig. 3.6) was calculated. In most cases flexural reinforcement provided in the beam
would be utilized for this tie element. After determining the size and placement of
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Figure 3.6 Dapped Beam Model and Member Forces.

reinforcement within the dapped end, stresses in the concrete within the compression struts
and at the boundaries of the nodes should be checked. If the dapped end is rectangular in
cross- section, the critical areas for concrete compression stresses are at nodes A, B and D.
Nodes A and B are CCT nodes. Methods of analyzing CCT-nodes were discussed in Section
2.3.3 and tests of such nodes are discussed in Chapter 6. The second area of concern with
respect to concrete stress is the nodes at the lower corner of the full depth section (node
D in Fig. 3.6a). The region joins two tension ties and a compression strut. Studies of the
CTT node are presented in Chapter 7. Since the initial dapped beam tests were conducted
prior to the tests on CCT and CTT-nodes, the geometry of the node for initial design
purposes was defined by the width of the two ties and the angle of the compression strut.
The resulting geometry was used to determine the stresses along the boundary of the CTT
node.

Limitations on concrete stresses were discussed in Section 2.4. For initial design of
the dapped beam a conservative lower bound on the allowable stresses in both the struts
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Figure 3.7 Dapped Beam Nodes.

and node boundaries of dapped ends was selected. The allowable stress (see Table 2.2 and
Ref. 12) was taken as 50% of the concrete compressive strength.

In the final step in the design process, anchorage of all ties must be examined. Of
primary concern was the anchorage of the horizontal ties (elements 1 and 7 in Fig. 3.6)
at Nodes A and D. In the case of tie 1, anchorage near the reaction may be assumed to
start at the edge of the bearing area shown in Fig. 3.7. In most cases, however, adequate
anchorage length will not be available even if hooks are employed. Possible solutions
include welding the tie to an external bearing plate or using continuous bars bent with an
end loop in the horizontal plane. The opposite end of the horizontal tie 1 must also be
anchored by providing adequate development length. The point at which the tie must be
fully developed cannot be precisely determined. A similar situation exists for the lower
horizontal tie except that no bearing plate is available at that location. It can be seen that
closed hoop vertical ties will help confine the concrete around the horizontal tie elements
and improve anchorage characteristics. Obviously, anchorage of the vertical ties is equally
important. In most cases stirrups will be used to provide the reinforcement for the vertical
ties. The stirrups should be anchored around longitudinal reinforcement at both ends.

Following the procedures outlined above, the arrangement of reinforcement is
summarized in Fig. 3.8. A sketch of the reinforcement is shown in Fig. 3.9. The vertical
ties were arranged as shown in Fig. 3.3. The horizontal tie at the bottom of the dap was
reinforced with three #4 bars and four #3 hoops. In keeping with TSDHPT detailing
practices, the #4 bars were welded to a steel bearing plate at the base of the dap. A series
of vertical bars were also welded to the bearing plate as typical of TSDHPT practice. The
bearing plate assembly is shown in Fig. 3.9. Anchorage of the horizontal tie within the full
depth section was provided by extending the reinforcement 14.5 in. beyond the center of
node C (Fig. 3.6), a distance approximately 25 percent greater than the ACI or AASHTO
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Figure 3.8 ST1 - Reinforcement Summary.

development length®, The beam flexural reinforcement provided tie number 4. At the
end of the full depth section, the #5 bars cannot be anchored using straight development
lengths. Thus, the top row of the flexural reinforcement was terminated with 180 degree
hooks. This ensures that enough reinforcement is anchored to resist the force predicted by
the strut-and-tie model. Because of the relatively large width of the test specimens, it was
felt that the compression stresses in the concrete would not control the behavior of the
specimen. Thus, a detailed examination of the struts and nodal regions was not conducted
as part of the specimen design. In addition to reinforcement provided specifically to
satisfy the requirements of the strut-and-tie model, some additional reinforcement was used.
Three #3 hoops were placed vertically within the nib. This reinforcement along with the
vertical bars welded to the bearing plate served to provide local shear reinforcement for
the nib. The nib reinforcement used in the specimen is typical of TSDHPT detailing
practices. A series of #3 ties were used to support the stirrups making up the vertical ties.
Beyond the vertical tie reinforcement, stirrups were placed on 6 in. centers.

More reinforcement was provided than was required as bar areas were rounded and
minimum bar size used (Fig. 3.8). In order to have a basis for comparing different
specimens, it is helpful to assess the theoretical capacity of the final design. Using strut-
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and-tie model principlaes, it is assumed that failure will be due to yielding of reinforcement
and the ultimate load will not be affected by concrete strength. The predicted strength of
ST1 was 106 kips and was controlled by the capacity of the vertical ties.

34 Specimen PCI - Prestressed Concrete Institute Design Method

3.4.1 General Description. The design method presented in the Prestressed
Concrete Institute Design Handbook®™ is primarily based on research performed at the
University of Washington® ?? and sponsored by the Prestressed Concrete Institute (PCI).
The general design procedure presented in Ref. 3 pertains to reinforced members with
short “daps” and relatively thick webs. The PCI design method combines aspects of the
strut-and-tie approach with shear friction theory. Two basic reinforcement patterns are
defined by the PCI procedure. The first consists of an orthogonal system of reinforcement
(Fig. 3.10a). A skewed system of reinforcement is also possible (Fig. 3.10b).

(a) Orthogonal reinforcement (b) Skewed reinforcement
Figure 3.10 PCI Design Methods - Reinforcement Patterns (From Ref. 1).

3.4.2 Reinforcement Requirements. The PCI design procedure is illustrated in Fig.
3.11 for the orthogonal reinforcement pattern. Primary reinforcement is placed vertically
near the dap interface and horizontally near the bottom of the dap. The required area of
primary reinforcement (4 o, and 4_) may be derived by considering a simple strut-and- tie
model (Fig. 3.11b). The primary vertical reinforcement (4, ) consists of a group of closely
spaced stirrups placed as close as possible to the interface of the dapped beam. Primary
horizontal reinforcement (A ) consists of a series of bars placed near the bottom of the
extended end. For the test spec1men prlmary vertical and horizontal reinforcement was
sized using the strut-and-tie model shown in Fig. 3.12. Four groups of #3 stirrups were
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Figure 3.11 Summary of PCI Design Method (continued).

placed adjacent to one another providing the primary vertical reinforcement. The #5 bars
were provided as primary horizontal reinforcement. The primary horizontal reinforcement
was welded to a bearing plate similar to that used in specimen ST1,

The next step in the PCI design procedure is to determine an additional area of
distributed horizontal reinforcement (4,) based on shear friction developed across a
potential vertical crack beginning at the re- entrant corner (Fig. 3.11c). The total area of
horizontal reinforcement must be large enough to produce a frictional force along the crack
which equals the reaction. The frictional resistance is determined using the coefficient of
friction y = 1.4 but not exceeding a value of 1000 psi on the critical concrete section. A
minimum area of shear friction reinforcement (4, ) equal to one-half the primary horizontal
reinforcement (A ) must be provided. The shear friction reinforcement (4, ) is distributed
over the lower two-thirds of the dap. Three #3 bars bent in contlnuous hoops were
provided to meet the distribution requirement on the lower 2/3 of the dap but only two #3
hoops were required for shear friction reinforcement (Fig. 3.12).

The final step in the PCI design procedure is to provide local shear reinforcement
(4, ) for the extended end. The local shear reinforcement serves to resist the formation of
a dlagonal tension crack in the dap (Fig. 3.11d). Required shear reinforcement (4 ) is
determined in a manner similar to the design of shear reinforcement in deep beams "The
shear reinforcement in the nib was identical to that used in ST1.

3.4.3 Anchorage Requirements. In addition to providing the proper amount of
reinforcement, the PCI design procedure gives detailing requirements which ensure that the
necessary forces may be developed in the reinforcement. Some of these detailing
considerations are illustrated in Fig. 3.11e. To positively anchor the primary horizontal
reinforcement in the extended end welding bars to bearing plate or to crossbars is
suggested. The primary horizontal reinforcement should be extended at least one
development length past a potential diagonal crack beginning at the bottom corner of the
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Figure 3.12 Specimen PCI Design Summary.
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‘beam (see Fig. 3.11e). All horizontal reinforcement should extend a distance of 1.7 times

the development length past the end of dapped portion of the beam. The bottom layer of

horizontal reinforcement (4, ) will typically consist of larger bar sizes than that used for the

shear friction reinforcement (4, ). Thus; required development lengths may differ. Primary
horizontal reinforcement in the test specimen was extended 35 in. beyond the interface of
the dap. The required extension is 32.5 in. based AASHTO/ACI development length
requirements. Final reinforcement details are shown in Fig. 3.13.
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Figure 3.13 Specimen PCI - Reinforcement Layout.

3.4.4  Concrete Strength. The PCI limit on the shear capacity of the dapped end is
based on the compressive strength of the concrete and the proportions of the dap. The limit
is given by the following equation: '

V, <02 <800 bd

where ¥ = Shear strength of the nib; fc’ = 28 day cylinder compressive strength; 5 =
width of the nib; 4 = distance from top of beam to center of dap reinforcement, 4 (see
Fig. 3.11b).
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To predict the capacity of Specimen PCI, it was assumed that its capacity would be -
controlled by the component of reinforcement with the smallest capacity relative to its -
required capacity. In this case, the pr1mary vertical remforcement controls and the predicted -
capacity is 105.6k. B N R e S

3.5  Specimen MF -- Menon/Furlong Design Procedure

3.5.1 General Description. This design method is based upon a research study
conducted by the Center for Transportation Research at the University of Texas at Austin.
The study, co-sponsored by the TSDHPT and the Federal Highway Administration was
conducted by Menon and Furlong® and is currently used by the TSDHPT for dapped
beams.

The Menon/Furlong design method utilizes a “strap” placed diagonally from the top
of the dap to the bottom corner of the full depth section. The strap consists of a series of
mild steel flat bars welded to anchor plates at each end. In addition to the strap, horizontal
shear friction reinforcement is also provided. The arrangement of reinforcement is
illustrated in Fig. 3.14a. The detail was developed specifically for the design of prestressed
bridge girders. A sketch of the reinforcement is showin in Fig. 3.16. ‘

3.5.2  Reinforcement Requirements. The first step in the design procedure is to
determine the required area of horizontal reinforcement using shear-friction principles (Fig. -
3.14b). A crack parallel to the strap is assumed. An area of reinforcement must be provided
across the crack so that the frictional resistance along the crack will be greater than the
sliding force. The sliding force is the component of the reaction (V) which acts parallel to - -
the strap. Sliding is resisted when normal forces are developed across the crack. Normal -
forces are produced by the horizontal shear friction reinforcement (A ) and by the
component of the reaction (V) acting normal to the axis of the strap. Frictional resistance
is the product of the normal forces and the modified coefficient of friction (p/). The
assumed crack surface contains areas with steel-to-concrete contact along with areas of
concrete-to-concrete contact. Each of the situations is characterized by a different
coefficient of friction (Fig. 3.14b). Thus, a weighted coefficient of friction is determined for
the entire crack s