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ABSTRACT OF THE DISSERTATION

STUDY ON STRUT AND NODE BEHAVIOR IN STRUT-AND-TIE NDDELING
by
Nazanin Rezaei
Florida International University, 2018
Miami, Florida
Professor David Garber, Major Professor
The strut-and-tie method (STM) is a simple and eoretive method for designing
concrete structures, especially deep beams. Thibatheexpresses complicated stress
patterns as a simple truss or kinematic model nugdef compression elements (struts),
tension elements (ties), and the joints betweemehts (nodes). STM is based on lower-
bound plasticity theorem, so using it properly Wathd to a conservative design. Although
the concepts of STM have been around in concrestignisince the late ¥entury, STM
was first introduced in AASHTO LRFD in 1994 and A1I8-02 in 2002. ACI 318 defines
two different types of struts (prismatic and boetleped) based on whether compression
stress can spread transversely along the lengtinedtrut. Recent work has brought into
guestion whether these two types of struts do exidtwhether current design provisions
conservatively estimate failure loads for all memsbe
The performance of struts and nodes were investigatperimentally by testing six full-
scale concrete deep beams. The specimens hadfteredti shapes (rectangular and truss-
like), two different shear span-to-depth ratio (id&l.6), and three different types of
development (externally unbonded bars, internatipded hooked bars, and internally

bonded bars with welded external plates). All thecgmens were supported vertically and
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tested under a three-point load setup. Based oresiudts, the truss-like specimen failed at
higher loads than rectangular specimens with thmesahear span-to-depth ratio.
According to these results and recent debate ititdrature, bottle-shaped struts are not
weaker than prismatic struts because of their shEpey are weaker due to shear failure
where struts cross a diagonal tension field. Tleegfthe structures should be separately
checked for shear strength when they are designgdSVTM. In this dissertation, the
development of the design equation for shear stinelfj discontinuity regions was
introduced, and the procedure is under consider&bioadoption in ACI 318-19.

This research was expanded numerically by studiyiegeffect of development type and
length, strut type, and strut angle on the behawfoconcrete deep beams. The crack
patterns and load-displacement curves, which wetamed from experimental tests, were
used to validate numerical models. The strengttootrete deep beams was assessed by
modeling thirty-five specimens in a nonlinear fenglement software. According to the
results, development length and development tygksenced the presence of tensile stress
in the support nodes. Additionally, the effect bé ttensile stresses from reinforcement

development and diagonal tension were not additivectangular specimens.
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Chapter 1: Introduction
1.1 Overview

Axial and bending stresses will cause a stressilalision across the section depth of
concrete members. The Bernoulli hypothesis thatgkections remain plane is usually
assumed for these sections, which assumes thiasstaxy linearly across the depth of the
section. Regions where strains actually vary lilyeacross the depth (i.e. where the
Bernoulli hypothesis is accurate) are considereBexaoulli or beam regions (also called
B-regions), which can be designed using typicaltiseal design approaches (e.g.
rectangular stress block approach for determinomginal moment strength).

Strains do not always vary linearly across thelilept section. Disturbed or discontinuity
regions (D-regions) are regions where stressesn@rynearly across the depth. D-regions
are typically found within a distanak(distance from the compression face to centroid of
the tension steel) of concentrated point loadspsup, or geometric discontinuity. Some
examples of members with D-regions are transfelegs, pile supported foundations, and
bridge bents.

Typical sectional design approaches are not valld-regions. Empirically derived design
expressions were traditionally used in these regioefore the introduction of the strut-
and-tie method (STM) into design codes and spetitins toward the end of the 20
century (1994 for AASHTO LRFD [1] and 2002 in ACL&02 [2]). STM involves
modeling the stress flow through a structure uaihgpothetical truss or kinematic model.
Compression members in the truss are called stemsion members are ties, and the joints

are nodes. When designing using STM, sufficiemtfogcement must be provided to resist



the forces of the tension ties and struts must hawféicient strength to carry the
compression forces.

ACI 318-14 [3] defines two types of struts, prisroand bottle-shaped, based on the
geometry and the location of the struts in thecstme. Bottle-shaped struts are struts where
stresses can spread transversely along their leingtkthey have a larger width and area at
the mid-length of the strut than at its ends. Asitie@ed by many researchers ([4]-[6]),
the lateral spreading in theses struts createddestiresses transverse to the strut, which
must be resisted by minimum strut reinforcemensrRatic struts have a uniform section
along their length, either because of geometricatignuities or from bordering tension
regions (e.g. region below the rectangular strésskbn bending).

The current design philosophy [3] suggests thatldésghaped struts are weaker than
prismatic struts. There has been recent reseaatthis suggested otherwise [7]-[9]. A
thorough review of the literature indicated that fetudies have focused on the effect of

struts on the strength and behavior of deep beams.
1.2 Project Objective

The primary objective of this research was to fartimvestigate the behavior of struts in
concrete deep beams. The experimental and numstuchés were designed to investigate
the effect of the strut type (prismatic versus leeshaped), strut angle (3@2, 6(°), and
presence of bonded tensile reinforcement on teagtin and behavior of struts in concrete
deep beams. The conservatism and accuracy of thentiACl 318 STM provisions were

assessed and recommendations for the improvedagstmof strut strength were made.



1.3

Project Scope

The above objectives were achieved through thewviatlg primary tasks:

1.4

Literature Review Conduct a literature review to indicate the eatrstate of
knowledge on strut behavior and design in conategp beams.

Test Setup Design Design, fabrication, and installation of thresqt loading
setup with 800-kip capacity to test constructedpdszams.

Experimental Testing Full-scale experimental testing of concrete dbepms
with different geometries (rectangular and truke)lj strut angle (30and 48), and
presence of bonded and unbonded reinforcement.

Numerical Study Numerical investigation of concrete deep beasiaginon-
linear finite element software specifically calitad for concrete structures with the
purpose of further investigating the behavior atitst Additionally strut angles
(60°) and reinforcement development types and lengdrs wvestigated to further
understand the effect of resulting tension fieldstut behavior.

Design RecommendationsMake a recommendation for ACI 318 and AASHTO

provisions based on findings.

Thesis Organization

This dissertation is written based on the formaThgsis Containing Journal Papers’. The

dissertation includes three manuscripts for schojaurnals and magazine, of which all

are under review. Additional chapters are providedcomplete the dissertation and

summarize work not adequately captured in the tfoemal papers. The organization is

as follows:



Chapter 2 — Background of STM This chapter introduces STM and a summary
of the relevant literature and previous researshlte.

Chapter 3 — Loading Test Setuprhis chapter contains an overview of the design
of the 800-kip test setup that was designed far rigearch.

Chapter 4 — “Strut Strength and Failure in Full-Sda Concrete Deep Beams”
(submitted to ACI Structural Journdl}O]: This paper discusses results from full-
scale testing conducted at FIU. It includes theseixpental results of five full-scale
concrete deep beams: three rectangular and ta®-like specimens with the shear
span-to-effective depth rat{a/d) of 1 (45 degree) and 1.6 (30 degree).

Chapter 5 — “Effect of Development and Beam Geomyetsn Behavior of
Concrete Deep Beamdqsubmitted to ACI Structural Journal}1]: The second
paper is an extension of the first paper, includadgitional experimental results
for one additional experimental specimens, thedaesilon of numerical models, and
results for numerical modeling of an additionalspecimens. The specimens were
modeled to investigate the effect of developmengtle, development type, strut
type, and strut angle on the behavior of nodal gemeliscontinuity regions.
Chapter 6 — “Shear in Discontinuity Regions’(submitted to Concrete
International) [12]: The final paper is the answer of why STMnche
unconservative for so-called bottle-shaped strasspite already low strut
efficiency factors. This paper includes suggestitmnase interior strut instead of
bottle-shaped strut, and edge struts instead efmattic struts. Interior struts are
weaker than edge struts because interior struss erdiagonal tension field and the

sections fails in shear. The developed design emsatfor shear strength of



discontinuity are proposed based on shear spatiprsetepth, and lightweight
concrete and is under consideration for inclusibpACI 318-19.
A conclusions section is then provided to summaraeclusions from all the three papers

and propose recommended future work.



Chapter 2: Background of Strut-and-Tie Method

2.1 Overview

This chapter includes an overview of the theorébeakground of the strut-and-tie method
(STM). The current state of knowledge of the bebtiawf struts, ties, and nodes is
summarized with an expanded discussion on strumge sthis is the focus of this
dissertation. A summary of two of STM provisiongparily used in the US (ACI 318-14

and AASHTO LRFD Bridge Design Specification) isajgovided.

2.2 Discontinuity Regions of Deep Beams

As previously introduced, applied loads and momevits cause stresses in members.
These stresses vary across the section depth. dingoto the Bernoulli hypothesis and
traditional beam theory, the strain distributiomssumed to vary linearly across the depth
of the section (i.e. plane sections remain plafg3uming a linear strain profile across the
depth of a section allows for the derivation ofdtt@nal sectional behavior and design
expressions. Regions where plane sections remaime phre called Bernoulli or beam
regions (B-regions) and can be designed usingtimadi sectional design approaches. An
example of a beam designed using conventionalosedtdesign approaches is shown in
Figure 2-1. As mentioned, a linear strain distiitautis assumed across the cross-section

depth, as shown in Figure 2-1 (c).
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Figure 2-1: (a) Simply-supported beam with unifdoading, (b) typical cross-section of
reinforced concrete beam, and (c) linear straitridigion across depth of cross-section

Strains do not always vary linearly across thelilept section. Disturbed or discontinuity
regions (D-regions) are regions where stressesna@rinearly across the depth. D-regions
are typically found within a distanak(distance from the compression face to centroid of
the tension steel) of concentrated point loadspsup, or geometric discontinuity. Some
examples of members with D-regions are shown inrféi@-2 and include: hammerhead
pier caps, bent caps, ledged members like corbelsaerted-tee beams, coupling beams

between shear walls, and pile caps.
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Figure 2-2: Examples of deep beam members: (@jrehead cap, (b) bent cap, (c) ledged
members like corbels and inverted-tee beams, (@low beams, and (e) pile caps

The principle compression and tension strain diagi@ a simply-supported beam with a
point load placed toward one support is shown gufg 2-3. Saint-Venant’'s principle
allows for the strain diagram to be simplifiediagér further from the load points, allowing
for sectional approaches to be valid [13]. Stralasvary non-linearly across the section
depth within a distancg from the load and support points, so these reqaomsonsidered
D-regions. The shear spag) (s also highlighted in this figure.

The shear span is the distance from the pointtodde support point. Another means for
determining whether a region is a D-region is lykiag at the shear span-to-depéidy
ratio. Shear span-to-depth ratios less than 25signify regions are D-regions; a limit of

2.0is used in ACI 318-14 [3].
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Figure 2-3: Stress trajectories in B- and D-regipadapted from Birrcher et al. 2009)
Since these regions do not satisfy the Bernoulpotiyesis (i.e. plane sections do not
remain plane), sectional analysis and design proesdare not valid in D-regions.
Therefore, designers use empirically derived desngthods or STM. The empirically
derived methods are typically specific to certaianmver types for specific applications
(e.g. ledges in inverted-tee members). On the d¢tdwed, STM is a reasonable and versatile

method to safely design all deep beams (and nop{deams if desired).
2.3 Theoretical Background of Strut-and-Tie Modeling

As mentioned in the previous section, strains &tibluted nonlinearly within D-regions.

The principle tensile and compression strain ttajges in a simply-supported beam with
a single point load are shown in Figure 2-4. STMves for this complex state of stresses
in the specimen to be simplified with a collectwinuniaxial force elements in a truss or
kinematic model, as shown in Figure 2-5. This maddeludes compression members
(struts), tension elements (ties), and the intéi@eof struts and ties (nodes). STM is a
lower-bound plasticity theorem, so as long as émuiim is satisfied (i.e. forces in these

elements are in equilibrium with the external fa)cand the distribution of forces are



compatible with the concrete deformation capacismg STM will lead to a conservative

design [14].

D- Region
Principle tensile strain trajectory
-------------- Principle compression strain trajectory

Figure 2-4: Stress trajectories within D-regiorsimply supported concrete deep beam
To design a member using this method, one mustremsswveral things:

» Sufficient Tie Reinforcement Sufficient reinforcement must be placed at the
location of the tension ties to resist the tensaoe in the tie.

* Adequate Concrete Strength in Struts and Noddsnough concrete strength and
member area must be provided in the struts, strabtle interfaces, and other node
faces to resist the strut and node forces.

* Proper Detailing Tie reinforcement must be properly anchored @¢vetbp the

required tie force and other reinforcement mugtrogided so that the member has

10



the deformation capacity to properly distribute theces. Improper detailing can
lead to lower capacities than desired [15].
There are many resources available to help engirteatesign structures in discontinuity

regions using STM [16], [17].

/ Strut \

o . 0
? L Tie

Figure 2-5: Strut-and-tie model: simply supportegm beam supporting a concentrated load

2.3.1 Struts

The compression elements in a strut-and-tie modelcalled struts and are typically
represented by a blue dotted line, as shown inr&iges. Current ACI 318-14 [3] STM
provisions assume that there are two differentdygfestruts based on geometry and tensile
stresses: Dbottle-shaped struts and prismaticsstsiiown in Figure 2-6. Bottle-shaped
struts have minimum cross-sectional area at the ehdhe strut and maximum cross-
sectional area in the mid-length. The spreadirgpofpression stress in bottle-shaped struts

is thought to develop transverse tensile stresshawn in Figure 2-7 (a). This transverse
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tensile stress is resisted by the minimum strutfoecement, according to ACI 318-14 [3].

P P

Nodal Zone

Bottle-Shaped
Strut

Nodal Zone—

Figure 2-6: Strut-and-tie model with truss elemeptismatic and bottle-shaped struts
Struts located in regions where stresses are hot@bpread (i.e. having a uniform section
along the length of the strut) are currently capjegdmatic struts. The prismatic strut shown
in Figure 2-6 is formed by the bordering tensileess region caused by bending. A
prismatic strut has only unilateral compressioesstes, as shown in Figure 2-7, and no
transverse tensile stresses. Because there ar@svdrse tensile stresses, prismatic struts

are thought to be stronger than bottle-shapedsstrut
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Compression

(b)

Figure 2-7: Assumed stress flow in (a) bottle-glthand (b) prismatic struts according to ACI
318-14

2.3.2 Ties

The tension elements in a strut-and-tie model alledt ties and are typically represented
by a solid black line, as shown in Figure 2-5. Re&icement must be provided to resist the
tensile force of a tie element, as shown in Fizs& and Figure 2-8. The tie element is
located at the centroid of the reinforcement. €ieforcement must be fully developed by

the time the reinforcement leaves the extended|raoafee.
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Z Tie Reinforcement

P/2 I P/2
Figure 2-8: Tie reinforcement provided at the taoaof tension ties
2.3.3 Nodal Zones

The intersection of struts and ties are called spde shown in Figure 2-5. Like struts,
nodes will have a three-dimensional shape dependanthe intersecting element
dimensions. This region formed by the intersecélggnents is called a nodal zone. These
zones are critical to the behavior of the wholdesys because they are typically the most
highly stressed regions member. Nodal zones arerglnnamed based on the type of the
elements (compression or tension) connected inqyadeere “C” represents intersecting
compression elements and “T” represents tensiomezles. Nodes with only struts
intersecting are CCC nodes. Nodes having a tieiardye direction are CCT nodes. If the
node has ties intersect in two different directjahss a CTT node. Since the type of the
node governs the behavior and strength of the sgithe type of the node is determined

in the design process. The types of nodes forltbgementioned beam are highlighted in
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Figure 2-9.

CCT

P/2 P/2

Figure 2-9: Type of the nodes in simple supporteepdeam
Nodes can also be defined based on the presersleeaf stresses in the nodal zone. A
hydrostatic node is a node with equal stressedl éacas of the node, as shown in Figure
2-10 (b). These types of nodes are thought to hawhear stresses developing in the nodal
zone, since principal stresses are equal on @lfasickes. In hydrostatic nodes, the ratio of
the area of the side face is proportional to thaiaeg@ load. Nodes with different stresses
on different faces of the node are called non-hgtdtec nodes, as shown in Figure 2-10
(a) and (c). Shear stresses occur in the nodalathese nodes. Proportioning techniques
and a further discussion on the use of hydrostatet non-hydrostatic nodes are found in

Birrcher et al. [4].
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Figure 2-10: Non-hydrostatic nodes versus hydriostaide

2.4 Strut Behavior

Struts are the compressive elements in strut-andrdeling. As mentioned above, ACI
318-14 [3] currently divides struts in two typesigmatic and bottle-shaped) based on the
ability for stress to spread perpendicular to tinet sixis. Previous research related to the

behavior of struts and the validity of this assupmpis summarized in this section.
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2.4.1 Vertically-Oriented Struts

One way of investigating the behavior of strutdastest vertically-oriented panels of
different dimensions in unilateral compression. v@noet al. [5] investigated the

performance of “bottle-shaped” struts by testing/2@ical concrete panels with different
variables including: web reinforcement size, lomatand angle; specimen dimensions;
bearing area dimensions; and concrete compressamgth. One of the specimens in the

loading setup is shown in Figure 2-11.

Figure 2-11: Testing of isolated strut specimen thedvariables [5]
The same failure mode was observed in all the spaws: crushing of the strut-to-node
interface. There were no significant differencesveen the failure mode or failure load of
the most heavily reinforced and unreinforced speasn Results were compared with
estimates from ACI 318-05 [18] and AASHTO LRFD [18]evaluate the efficiency factor
for node and strut strength and reinforcement requents. Estimates were found to be

conservative and erratic using ACI 318-05 [18] amate consistent but less conservative
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using AASHTO LRFD [19]. Brown and Bayrak [20] lateoncluded that adequate
reinforcement must be located within the strutsabee of the transverse tension that
develops in bottle-shaped struts.

Sahoo et al. [21] also investigated vertically-otezl panels through an analytical study.
They also presented that the bottle-shaped stutseild when the load was applied to the
small area compared to the dimension of the whmdeimen. Their research investigated

the effect of aspect ratio on the behavior of betthiaped struts. One of their specimens

with an aspect ratio of 2.0 is shown in Figure 2-12
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Isostatic lines
of compression

Figure 2-12: Bottle-shaped strut in concrete pafdlp
Ghanei and Aghayari [22] also tested verticallyented concrete panels with different

dimensions and reinforcement; the failure of trokthese panels is shown in Figure 2-13.
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Unreinforced specimens, shown in Figure 2-13 (@ijctlly failed when an initially
formed crack in the middle led to the specimenttspdj in half. Specimens with typical
amounts of shear reinforcement, shown in Figur@ 2b}, had both an initial crack down
the center of the specimen and secondary cracksajeng toward the edges. Failure of
these occurred when concrete crushed at the suppbéwad points. Heavily reinforced

specimens, shown in Figure 2-13 (c), had minimatking during loading and failed due

to crushing of concrete at the support or load gsoin

[

§ Initial crack
Secondary diagonal crack

Failure in nodal zone

Initial crack

(b) (©

Figure 2-13: Different failure in bottle-shapedusst (a) non-reinforced specimens, (b) typical
failure, and (c) failure in nodal zone [22]

The authors of these studies all concluded thatstiess can spread outward in bottle-
shaped struts, which will create transverse terssiless. Because concrete is weaker in
tension than compression, the bottle-shaped stratareaker than prismatic one. This idea
was suggested in several other studies [23]-[25].

Several additional research efforts were condudedvertically-oriented struts with

varying widths and exactly the same support andlitma conditions [7]-[9], [26]. A
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summary of the specimen geometry for all of thesearch efforts is provided in Figure
2-14. Note that all specimens were rectangular xitese tested by Adebar and Zhou

[26], which were circular. Also, the specimen deptis equal to the bearing width) (n

all tests.
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Figure 2-14: Specimens tested in (a) Sahoo eflg(b) Pujol et al. [8] (c) Laughery and Pujol [9]
(d) Adebar and Zhou [26]

Sahoo et al. [7] tested seven unreinforced veliaaiented struts with varying widths, as
shown in Figure 2-14 (a) and found all specimentliddo have about the same strength.

Generally, specimens started to crack in the midélldne specimens and then the crack

propagated towards the top and bottom plates.
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Pujol et al. [8] tested 42 unreinforced specimeasegorized in three series with
dimensions shown in Figure 2-14 (b). Series 1 spews included rectangular specimens
with two widths b and 2) and irregular hexagonal-shaped specimens withwod at
mid-height (d), all specimens had similar strength. Series 2ispens were all rectangular
with widths varying fronb to 4b. There was not a significant difference in stréarggtween
the specimens with widths bfand D, but there was a slight drop in strength for specis
with widths of & and 4. Series 3 was like Series 2 except with a highetemwto-cement
ratio. There was no difference in strength betwagnof the specimen widthb (0 4b) in
this series.

Laughery and Pujol [9] conducted similar testing 3 additional unreinforced strut
specimens, shown in Figure 2-14 (c). They combthed results with results from several
previous studies [5], [7], [8], [26], [27], as shown Figure 2-15. This graph includes
results for struts with equal section and beariegtlls (called “2-D Dispersion” in Figure
2-15) and struts with section depths greater thamearing depth (called “3-D Dispersion”
in Figure 2-15). Stresses in sections with 2-D elisfpn can only spread in one direction
transverse to the strut axis. Stresses in sectigtiis 3-D dispersion can spread in two
directions transverse to strut axis. There islidifference in strut efficiency for specimens
with 2-D dispersion with various aspect ratios. fEhis a significant difference in strength
between specimens with 3-D dispersion and varyspget ratios, shown in the results of

Adebar and Zhou [26].
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Figure 2-15: Mean experimental efficiency factareoas various studies for selected W/B [9]
2.4.2 Inclined Struts

While vertically-oriented idealized struts may he simplest to test, they do not accurately
represent the behavior of inclined struts. Sahaa.d7] understood the need for testing
inclined struts and expanded their vertical-oridrgut testing to include two unreinforced
deep beam specimens. The width, height, and ddptiespecimens were 39.37 inches
(1000 mm), 17.71 inches (450 mm), and 3.94 inch@sr(m), respectively. The details of

these specimens are shown in Figure 2-16.
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Figure 2-16: the detail of tested deep beams im&ahal. [7]
The compressive strength of concrete, failure laad, the calculated efficiency factor for
Sahoo et al. [7] tests are presented in Table Qahoo et al. [7] found strut efficiency

factors similar to those found through their vefiig-oriented strut tests.

Table 2-1: test results of deep beams in Sahob [ a

) Cylinder Compressive | Peak Load, kips | Experimental Strut
Specimen ID _ o
strength, ksi (MPa) (KN) Efficiency Factor
BN-0-0 36.6 (5.74) 429.2 (96.5) 1.07
BN-0-0 (R) 45.2 (6.55) 464.3 (104.4) 1.01

Van den Hoogen [28] was the first to look into Hehavior of deep beams where stresses

were not able to spread in the strut between loatl support. Van den Hoogen [28]

23



referenced unpublished experimental results by B&2®)] that compared the capacity of
a beam with a cut-out of the concrete with a sbkdm with no cut-out and the same

dimensions, shown in Figure 2-17.
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Figure 2-17: Beam and truss model tested by Be2djy [

Beeby [29] found the beam with a cut-out to betirtes stronger than the beam (i.e. less
material resulted in a stronger structure). Van ldengen [28] created numerical models
verified by the experimental results developed legl/ [29]. From the analysis results,
Van den Hoogen [28] concluded that the tensiorssé® developed by the bending of the
beam without a cut-out decreased the shear strefgtle beam. This diagonal tension (the
tension caused by bending) disrupted the compmessiat forming from the load to the

support. They also determined that the gap helghtd{d not have a noticeable effect on
the failure load or the failure mechanism. Noté tha testing by Beeby [29] was done on
beams in the transition between deep beamJ&/@) and sectional shear behavior &a/d

2.5), so these observations should be confirmeddep beams.
2.4.3 Angle of Strut Inclination

The behavior of struts is also impacted by the eglstrut inclination. ACI 318-14 [3]

restricts that strut angles be between 25 and gfeds in a strut-and-tie model, which is
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based on several researches [30]-[32]. This liroitas based on the idea that the struts
loss their capacity when their axis approachessaaxis [33]. Sahoo et al. [34] conducted
an analytical investigation investigating strut lengnd its effect on strut behavior, which
can be measured by a strut efficiency facf). (Results from Sahoo et al. [34] are

summarized in Figure 2-18. The researchers condltit current ACI 318-14 [3] strut

efficiency factors can be unconservative for stwith angles less than 54 degrees.

120 4

- -& - ACI
--&- EC2

1-00

Strut efficiency factor, /3,

25 30 35 40 45 50 55 60 65 70 75 80 85 90
Strut inclination angle, «.: degrees

0

Figure 2-18: Comparison of the code provisions whhproposed efficiency factor models for
normal-weight concrete of 5.8 ksi (40MPa) [34]

Contrary results were found by Su and Looi [35].aBd Looi [35] experimentally tested
nine asymmetrical specimens with varying strut esgli.e. varying a/d ratios). They

concluded from their results that a constant @ffitiency factor should be used.

2.5 Tie Behavior

Tension elements in a strut-and-tie model (tiesytnme designed with reinforcement to

hold tensile forces in the ties. Reinforcementrsvmled based on the location of ties in
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the model, and the location of ties in the model lacated at the centroid of the tie
reinforcement, as shown in Figure 2-19. This irdeehdence can make designing tie
reinforcement an iterative process if the locatioihties needs to be changed as
reinforcement is detailed.

The sufficiency of the tie strength is not only degent on enough reinforcing area being
provided, but also requires that the reinforcemsrroperly developed by the time it

leaves the extended nodal zone. The critical secttw development of the tie is

highlighted in Figure 2-19.

Diagonal Strut\

Extended Nodal
Zone

Tie coincides
with centroid of
reinforcement

\~ |
[ | ;
f :YQ\Critical Section for

' Development of Tie

A

|
>

Available Development Length

Figure 2-19: Development length of a tie [4]
Different types of development such as straighs bhooked bars, headed bars, or bars
welded to the external plates can be used to psoplewvelop tie reinforcement. The
development length formulas for different typesle¥elopment from ACI 318-14 [3] are
shown in Equation 2-1 to Equation 2-3. Reinforcenveelded to steel plates is assumed
to develop fully at the location of the steel pldtee specified required development length

found using the below equations must be less thanatal available development length
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found from reinforcement detailing, bearing dimensi, and strut geometry, shown in

Figure 2-19.
Equation 2-1
Straight Bars (Detailed Method): I, = 3 Iy _bbeds d AC| 318-14
40 A /17 (Cb t Ktr)
dp (25.4.2.3)
la Equation 2-2
Hooked Bars: fbeeby . ACI 318-14
= max{{ ——— | d}, 8d}, 6in.}
501/ f/ (25.4.3.1)
la Equation 2-3
Headed Barsff < 6000 psi): 0.016f, 1, ACI 318-14
= max{{ ——=—=—]d,, 8d,, 6in.}
Jr (25.4.4.2)
Where:
40A;,
n {25,200
K, - min {
transverse reinforcement index, in.
total cross-sectional area of all transverse reagiment within spacing
Ay = that crosses the potential plane of splitting tigirothe reinforcement
being developed, if.
S _ center-to-center spacing of items, such as longialdeinforcement,
transverse reinforcement,tendons, or anchors, in.
n _ number of items, such as, bars, wires, monostrand
anchorage devices, anchors, or shearhead arms
fy = specified yield strength for nonprestressed reg@orent,psi
fe = specified compressive strength of concrete, psi
dp = nominal diameter of bar, wire, or prestressingrgtran.
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lesser of: (a) the distance from center of a bavice to nearest concrete
Cp = surface, and (b) one-half the center-to-centerisgasf bars or wires
being developed, in.
modification factor to reflect the reduced mechahproperties of
A - lightweight concrete relative to normalweight casterof the same

compressive strength

% - factor used to modify development length basedaweic

b, _ factor used to modify development length basedeorfarcement
coating

0, _ factor used to modify development length basedaoriicing
reinforcement

Ps = factor used to modify development length basedearfarcement size

[ = factor used to modify development length for castotation in tension

2.6 Node Behavior

As previously introduced, there are three differtgpes of nodes (CCC, CCT, and CTT)
dependent on the types of elements framing intathtee (compression or tension). The
nodal zone under the load in Figure 2-8 is a CCderand is further broken down in Figure
2-20. In this picture, the load is applied in tleater of the load node, and both the left side
and the right side are symmetrical. The total lapglied P) is equal to the sum of the
force applied on each of the nodal zor@ég &ndCy2). Additionally, the force on the back
face of each of the nodes is equ@li(equalCxko) to satisfy equilibrium of the node. If the
load is not located at the center of a memberb#aing face of each of the nodes (1 and
2) will be proportional to the amount of force ggiim each direction. The back-face forces

will always be equal, although the magnitude whidoge.
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P = Cb1+Cb2
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Figure 2-20: Geometry of CCC node
The dimensions of the bearing fade)( back face H), and strut-to-node interfacevd
must be determined to find the strength of the nttese dimensions are shown in Figure
2-21. The bearing face length is dependent onotfaé hearing lengthf) and proportional
to the amount of force entering the no@eg1f compared to the total applied lod®).(For
this example, half the total load is applied to HddC»1 = 0.5P), so the bearing length is
half of the total bearing length,{ = 0.9). The height of the back fackk) can be found
by finding the depth of the rectangular stresslbfoem a typical nominal flexural moment
analysis, as shown in Equation 2-4. The strut-tdeniaterface lengthag) depends on the
height of the back face, length of the bearing, gn@dangle of the incoming strud)( as
shown in Equation 2-5.

Aty — Asfy Equation 2-4
7 0.85b,f/
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ws = [, sinf + hy cosO Equation 2-5

Where:

Ag = area of longitudinal tension steeljin
fy = yield strength longitudinal tension steel (psi)
Ay = area of longitudinal compression steef)(in
fy = yield strength longitudinal compression steel)(ps
b,, = web width (in.)
f! = specified compressive strength of concrete (psi)
0 = angle of incoming strut

Iy Bearing Face Note:

> (Ip = lpy +1p2)

: hy
lpsin® Wy N _<:|

Strut-to-Node S

Interface ﬂ Back Face
h; cos@ ¥

Figure 2-21: Details of CCC node (Node 1 from above

Typical dimensions for a CCT node with relevantadstare shown in Figure 2-22 with
the length of the bearing platg ), the height of the back face), and the length of the

strut-to-node interfaces) highlighted. The height of the back faee, ) is calculated as
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twice the distance from the bottom of the beanh&dentroid of the ties. The length of
the strut-to-node surface in CCT node is calculatdelquation 2-6.

ws = [, sinf + wy cosf Equation 2-6
For additional details on calculating the dimensadrdifferent types of nodes refer to

Birrcher et al. [4], Williams et al. [36], and Lars et al. [37].

Diagonal Strut

Strut-to-Node
Interface

»
g L
| |

| lb |
ﬁ Bearing Face

Figure 2-22: Geometry of CCT node
A final distinction made when discussing nodal ziwebased on whether the node has
measurable dimensions. Nodes that are locatedeadjx a support or load point have a
defined geometry based on the bearing dimensiodsardering elements. Most of the
other nodes in a strut-and-tie model do not hadefamite geometry. Nodes without a
defined geometry are called smeared nodes andatlypabo not need to be checked. For
further details on smeared nodes refer to WightRagla-Montesinos [38], and Birrcher

et al. [4].
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2.7 STM Design Provisions

The two STM design provisions that are primarilgdisn practice in the US are found in
ACI 318-14 [3], and the AASHTO LRFD Bridge Desigpegification [19]. An overview

of these two design provisions is given in thigisec
2.7.1 ACI 318-14 Building Code [3]

The ACI 318-14 Building Code [3] has separate desigecks for the strength of struts,
ties, and nodes. The reduced design strenths (or struts and)Fnn for nodes) must be
greater than the factored element foffeég for struts andrun for nodes) for both struts and

nodes, as shown in Equation 2-7 and Equation 2-8.

v

QF,s = Fys Equation 2-7

¢FTLTL
The strength of the struts and nodes is dependetiteoarea of concrete at the interface

v

Fun Equation 2-8

between the struts and nodégs(for struts andA.; for nodes) and the effective concrete
strength of the elementd.d. Relationships for these design strengths arevishio

Equation 2-9 through Equation 2-12.

B Equation 2-9
Fos = feeAcs Eqgn. (23.4.1a)

. Equation 2-10

fee = 0.850f ¢ Ecclqn. (23.4.3)
B Equation 2-11

Fan = feeAnz Egn. (23.9.1)
Equation 2-12

fee = 0.85B,f"; Eqgn. (23.9.2)

The effective concrete strengfie) for struts and nodes is dependent on the staific@nt
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(Bs) and node coefficienpf), respectively, and the concrete compressive gtingfic). The
strut coefficient §s) depends on the geometry and location of a strdteeie summarized
in Table 2-2. The minimum of the strut and nodeffoments should be used when
designing the strut-to-node interface. Relevatitéamembers investigated in this research,
struts with uniform cross-sectional areas alongy feegth have a strut coefficient of 1.0,
and struts located in regions where stresses aaadlong the strut length without the
minimum strut reinforcement have a strut coeffitieh 0.6\.. The truss-like specimens
have a uniform area along the length, so the strefficient is equal to 1.0. The rectangular
specimens allow stress to spread along the stigtieso the strut coefficient is 0.6 (with
A equal to 1.0 for normal-weight concrete).

The node coefficientg) depends on the number of ties that are anchotedhe node.
Relevant to the members investigated in this rebedine node coefficient is equal to 1.0
for nodes with no ties and 0.8 for nodal zones annf one tie. Members with external
unbonded reinforcement have no ties anchoringgmtdal zones, so the node coefficient
was taken as 1.0. Members with internal bondedariament have one tie anchoring in
the nodal zone, so the node coefficient was takeh&

These were some of the factors that were the fo€uhis testing program. There are
several other resources with a more comprehengplamation of the ACI 318-14 STM

procedures [16], [17].
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Table 2-2: Strut and node coefficients

Strut (Bs) Node 8,)
Prismatic Bottle-shaped CCC|CcCT| CTT
with min. Without min.
1.0 reinforcement reinforcement 1.0 0.8 0.6
0.75 0.6 4

A complete example to determine the strength ofajribe experimental specimens using

ACI 318-14 is provided in Appendix B.
2.7.2 AASHTO LRFD Bridge Design Specification [19]

Like ACI 318-14 [3], AASHTO LRFD [19] also requirékat the reduced design strength
(#Pn) be greater than the factored element foRgefOr struts, ties, and nodes, as shown in

Equation 2-13.

Equation 2-13
Eqgn. (5.8.2.3-1)

For struts and nodes, AASHTO LRFD 2016 requirey ardheck of the nominal resistance

¢P, = P,

of the node faces, as shown in Equation 2-14, wiscldependent on the limiting

compressive stress of the node fdeg &nd the effective cross-sectional area of theenod
face @cn).

3 Equation 2-14
By = feuAen Eqn. (5.8.2.5.1-1)

The limiting compressive stress of the node féag depends on the type of node (CCC,
CCT, or CTT), the face where the nominal resistaadeeing found (bearing face, back
face, or strut-to-node interface), the compressivength of the concretd {), and any
confinement effects from surrounding concrete (anted for throughm), as shown in

Equation 2-15.
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B , Equation 2-15
feu =mvf'c Eqn. (5.8.2.5.3a-1)

Note that unlike ACI 318-14, AASHTO LRFD [19] doest account for the effect of
stresses being able to spread along the lengtinub$ ®r not being able to in members
with constant cross-sectional areas along the theofgstruts.

Benefits from confinement are accounted for whenkibaring area?q) is smaller than
the notional areal6, defined in AASHTO) and uniform loading is applieg using

Equation 2-16.

n= s Couten 22
Note that no confinement benefits will be achiewdwn the loading plate has the same
width as the specimensequals 1.0).
The concrete efficiency factov)(depends on the type of node (CCC, CCT, or CThe, t
face where the nominal resistance is being fouedr{bg face, back face, or strut-to-node
interface), the presence of minimum strut reinforeat, and the compressive strength of
the concretef(c). For beams with minimum crack control reinforcemehe concrete

efficiency factorsy) are summarized in Table 2-3.
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Table 2-3: Concrete efficiency factor (v), if minim crack-control reinforcement is provided

Face
Node Beari P
Type earing ac Strut-to-Node Interface
Face Face
0.45 < 0.85 — fe
cce 0.85 0.85 A5 < 085 -0
< 0.65
0.45 < 0.85 — fc,
CCT 0.7 0.7 RO = M 20ksi
< 0.65
f‘C’
CTT 45 < 0.85 — < 0.
0.45 < 0.85 S0ksi = 0.65

For beams without minimum crack control reinforcemehe concrete efficiency factor
(v) is equal to 0.45.
A complete example to determine the strength ofajribe experimental specimens using

the AASHTO LRFD Bridge Design Specification is piged in Appendix B.
2.8 Summary

Fundamental concepts and background informatioutaBd@M were presented in this
chapter. STM is a design procedure applicable yosaation in any member but required
in D-regions. It is a lower-bound plasticity themreso as long as equilibrium is satisfied
and a beam is detailed so forces can redistribgtag STM will produce a safe design. A
strut-and-tie model modeling the stress flow thfoagnember using a hypothetical truss
or kinematic model. The tension elements in thestrare ties, compression members are
struts, and points of intersection are nodes. Deassyng STM requires ensuring sufficient

capacity for struts and nodes and providing adegstael reinforcement to resist tie forces.
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Current ACI 318 terminology defines two differepmpés of struts (bottle-shaped struts and
prismatic struts) and has different strength cogdfits for each. Previous research has
brought into question whether bottle-shaped ansihpatic are adequate descriptions of
strut type and whether there is a difference iargjth between them. The objective of this

research was to further investigate the behavitihedge struts when inclined.
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Chapter 3: Loading Test Setup

3.1 Overview

Concrete without shear reinforcement is impactedibg (size effect), so specimens need
to be sufficiently large to represent the true védreof members found in actual structures.
A high-capacity (800-kip) test frame was requiretetst the specimens in the experimental
program. The design, construction, and capabilitieshe test frame are given in this

section.

3.2 Loading Setup Details

The load setup was designed to have an 800-kipcitg@nd tie into the already existing
strong floor in the Titan America Structures Laltorg at FIU. The strong floor in the
structures lab has groups of four threaded rodidvens spaced at three feet center to center
in the East-West direction and six feet centeretater in the North-South direction. Each
of the tie-down groups has a 100-kip capacity (@8 kn each of the four threaded rods),
so eight of these tie down groups needed to begexlg® achieve an 800-kip capacity. The
eight tie-down points selected for the design ef lbad frame are shown in Figure 3-1.
One set of tie-down groups was not engaged in ¢inéec of the East-West direction to

allow room for the test specimens.
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Figure 3-1: Available tie-downs in the Structuresbbratory
The load frame was then designed based on theablailie-down groups. The different
components of the load setup are highlighted infei-2. Steel plates are located at each

of the tie-down groups to engage all the four tleghrods, shown in Figure 3-2 (a). A
beam (B-3) consisting of two channel steel sect{@iHx40) connected wit%-inch steel

plates welded to the top and bottom of the chasaelions and plate stiffeners located
where needed was used to connect adjacent platbs tis-down groups, shown in Figure
3-2 (b). These B-3 beams were connected on eaeltusidg similar double channel steel
beams (B-2), shown in Figure 3-2 (c). A large plgitdler spreader beam (B-1) was then
used to connect the B-2 beams together, showrgur&i3-2 (d). B-1 was connected to B-
2 using large diameter threaded rods, which alltwseasy vertical adjustment of the

loading frame depending on the size of the testispen. Two plates parallel to each other
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and connected with a pin were welded on top of bBalmallow for easy connection with

the crane.

(a)
Load Cells

Linear Potentiometer

Test Specimen

Hydraulic
Jack

Support Node Beam

(c) (d)

Figure 3-2: The steps of loading set-up and specimsallation
The load is applied by an 800-kip hydraulic jac,QDO psi) attached to the spreader beam
B-1 using four high-strength bolts. Load cells w20-kip capacity were designed to be
located on each of the four threaded rods betweamIB-1 and the nut on the end of the
rod. These load cells measure the load in eacandaensure that the load is being applied
symmetrically on the load frame. The load applethe specimen is then equal to the total
load measured in all four of the load cells plusreight of B-1 and the hydraulic jack.

Construction drawings of each component of thedettp are provided in Appendix A.
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3.3 Assembly and Disassembly

The procedure for assembling and disassemblinge#itesetup is described in this section.
First, all the threaded rods and steel plates nedze installed at each of the tie-down
groups, shown in Figure 3-2 (a) and Figure 3-3. @ractical recommendation for
installing the first rods in the tie-downs is ttia¢ rods should be tied to the ground while
they are in the plates, as shown in Figure 3-3aBsge of imperfections in the tie-downs,
it is difficult to put the plate over the rods afteey are already threaded into the strong

floor.

Figure 3-3: installing the first rods in the ground

After installing all the rods to the ground, thetdince of all the plates to the ground was
measured to make sure they have the same cleakaxde plate was leveled with a small
beam level, and the adjoining plates were levelgd avlonger one. Beams B-3 were then
attached to each plate using threaded rods andethe@gain to ensure they were level, as
shown in Figure 3-2 (b). Beams B-2 were then plasetiattached to Beams B-3, as shown
in Figure 3-2 (c). The different threaded rods regglifor installation of the load setup are

highlighted in Figure 3-4.
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Figure 3-4: installing rods to connect the beams
The specimen was placed into the test setup afstaliing all the rods, but before the
placement of the spreader beam (B-1). The compooietite specimens tested in this
program are highlighted in Figure 3-5. The pin sapgpwere first placed in the correct
location relative to the testing frame. Next, tleaim was moved into position and gypsum
cement mortar (hydro-stone) was placed on topeétipport plate and the beam carefully
lowered into position. Gypsum cement mortar is usednsure that the force is equally
distributed on the specimen at the location of shpport plate. The node beam and
threaded rods used for tension steel was then ¢léarethe specimens with external

unbonded reinforcement, shown in Figure 3-5 (c)Jdé&beams were held in position using
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wood spacers. These wood spacers were removedydesting after a small amount of
load was placed on the beams. Gypsum cement nveakagalso placed between the back
of the specimens and the node beams. Finally,dhe plate was placed on top of the

specimen with gypsum cement mortar between thee@ad specimen.

(b)
(d) !

Figure 3-5: Assembling specimens with load and sctpponditions

Gypsum /‘

(@
cement mortar

(©)

After the specimen was in its proper location, Begh with the hydraulic jack already
attached was lowered into place in the test setepthe specimen. Load cells were placed
on each of the four main threaded rods and thehavasand nuts were installed.
Disassembly of the setup can be achieved by fotigvihe above procedure in reverse.

Also note that if any rods need to be replacedefothan the four rods supporting the
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spreader beam B-1), they can be removed and replaitieout disassembly of the entire

load frame.

3.4 Load and Support Conditions

Gypsum cement mortar was used between the platadifly and reactions) and the

concrete specimen to ensure the loads were distdmvenly.

Pin-pin supports under all of the specimens weogiged for vertical reaction against the

strong floor of the laboratory. The external unbeshdeinforced specimens were restricted
horizontally by a node beam and high-strength ttedarods, as shown in Figure 3-2 (c)
and (d).

One of the test specimens failed because of defiggpsum cement mortar beneath the
load plate. The gypsum cement mortar was not seiffity mixed prior to placement, so a

more concentrated load was applied to part of @agrbunder the load plate. A photograph
of this test specimen after failure is shown inufeg3-6. The importance of properly

mixing and placing the gypsum cement mortar is liggked by this specimen.
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Figure 3-6: failure in specimen with deficiencyGiypsum

3.5 Load Application and Measurement

The specimens were loaded on top by an 800-kipeuyidrjack attached to the load frame
connected to the strong floor. The details of tydréwulic jack are shown in Table 3Tthis

jack was connected to an Enerpac ZE6-series pump.
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Table 3-1: Hydrulic jack details

Type of hydraulic Jack Powerteam #RD40013
Cylinder Capacity-Push 800 Kips
Stroke 13.00 in.
Oil Capacity - Push 1021.0%n
Retracted Height 26 9/32 in.
Outside Diameter 12 5/8 in.
Cylinder Effective Area- _
78.54 irf
Push
Internal Pressure at Cap.- )
10185 psi
Push
Product Weight 770 Ibs.

Load was measured using four 250-kip capacity s, These load cells were custom

designed and build by StrainSense Enterprises, (novw.strainsense.com The

dimensions for the load cells are provided in FegB47.

(b)

Figure 3-7: Dimensions of 250-kip capacity loatlscéa) top and (b) side

Initial calibration details were provided by thengmany that produced the load cells,
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StrainSense Enterprises, Inc. Calibration detadshown in Table 3-2. A voltage reading
was found for several different loads within thpaeity of the load cell. A linear regression
could then be done to find the load calibrationatipun shown. This equation was then

used to convert the voltage reading to load indéite@ acquisition program.

Table 3-2: Calibration detail for load cells

Load Cell Number ;55615 160613 160614 160615
Load, kips (kN) Voltage (mV/V)
25 (111) 0.2348 0.2212 0.2445 0.2249
50 (222) 0.4641 0.4639 0.4822 0.4658
100 (444) 0.9124 0.9105 0.9493 0.9117
125 (556) 1.1352 1.1417 1.1821 1.1425
150 (667) 1.3572 1.3695 1.4136 1.3686
200 (889) 1.7999 1.8159 1.8758 1.8169
250 (1112) 22411 22582 2.3365 2.2592
Load Calibration | ;15 545 02 | 110.61v-0.70 107.61V-1.85 110.75V-0/99
Equation (kips)

3.6 Data Acquisition System

A new data acquisition system was designed, puechasd set up to collect data from all
the load cells, linear potentiometers, vibratingewgages (VWGSs), and other sensors. The
data acquisition consisted of the following difiereomponents from Campbell Scientific:
» CR6 Measurement and Control Datalogger This is a datalogger that is
compatible with their CDM series measurement amdrobperipherals. This series

allows for easy customization of the data acquisittystem by connecting the
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needed peripherals using ethernet cables.

« CDM-VW305 This is an interface that connects with up gheVWGs and allows
for dynamic reading of the VWG sensor. Previou®riiaices only allowed for
measurement rates of around 1 Hz. This interfdowvalfor dynamic measurement
rates of 20 to 333 Hz.

« CDM-Al116 This is a multiplexer interface that allows f8 differential inputs
and four excitation channels.

The data acquisition system was programmed usi@grapbell Scientific data logger
software. Code was developed to collect the dadsaanExcel sheet macro was designed
to have a continuous output of the data. The caeldped and used for this testing

program is provided in Appendix C.
3.7 Recommendations for Future Use

The author would like to make several recommendatfor future use of the test frame:

1. Make sure that the gypsum cement mortar is mixeddlean bucket or container.
The properties of the mortar can be negativelyctdfe if the bucket contains any
debris or partially hydrated mortar.

2. Ensure that all the nuts on the test setup ar¢ bigtore testing. This will help to
guarantee that all the beams and plates will refinaiginced during testing.

3. The load setup was designed for static testingadd up to 800 kips. The rods high
strength threaded rods should be visually inspelotddre and after cyclic testing

at loads near the 800-kip capacity.
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Chapter 4: Strut Strength and Failure in Full-Scake Concrete Deep Beanis
*Nazanin Rezaéj Gary Kleirf, and David Garbér
4.1 Abstract

There has been some recent debate in the actualibetand performance of some

components of strut-and-tie models specificallyutstr This research aims to shed
additional light on the behavior and performancestofits. Five full-scale concrete deep
beams with two different shapes (rectangular amktiike) were tested under a three-point
load setup. The shear span-to-effective depth (atil) for the specimens were 1 and 1.6,
which led to strut angles of 30 and 45 degreesthlspecimens were simply-supported
vertically and reinforced with bonded or unbondedgsthorizontally. The results indicate

that the truss-like specimens have substantiallsernapacity compared to the rectangular
specimens with similar dimension. The unbondedfoeted beam results were similar to

bonded results. The ultimate shear strength oldafram the experimental tests was

compared with STM estimates using current desigiesdo evaluate their safety and
accuracy.

Keywords: deep beams, strut-and-tie method, node behaviamdanode, strut strength
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4.2 Introduction

One of the most universally applicable methodsasigh a concrete structure is the strut-
and-tie method (STM). In this method, a concretemiver is modeled as a truss (or
collection of axially loaded elements) in which qaession members (struts) and tension
members (ties) are connected at nodes. CurrentdAsiin provisions define two different
types of struts depending on strut geometry: patgmmand bottle-shaped. Bottle-shaped
struts have the same dimension at the ends andler width at the mid-length. It is
assumed that stresses spread in these struts, arieates tensile stress perpendicular to
the strut axis. Prismatic struts have the saméosealong their entire length, either caused
by geometric boundaries or bordering tensile streg®ns.

The strength of a member found using STM is healglyendent on the strength estimation
of compressive struts, tension ties, and nodesewiay intersect. While the behavior of
ties is fairly well comprehended, various factoffe@ the strut strength and behavior.
These factors include type of strut, concrete gtignstrut angle, orientation, width and
extent of cracking, and degree of lateral confinenjigs].

The history of designing concrete beams using STavtes] in the late 1890’s. Wilhelm
Ritter, a German civil engineer, equated the reaifig steel in concrete beams to tensile
truss elements and the concrete to the compresaasseelements [39]. In the early 1900’s,
Emil Morsch [40] followed this idea to determine requisdetar reinforcing steel in B-
regions of concrete beams by truss analogy. In ,188filaich et al. published a special
report that included procedures and rules of dasigan entire concrete beam using STM
[14]. Based on this method, they introduced a adifiesign and detailing concept for all

concrete structures [6]. They believed that thiaceptual method helps designers to
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understand the function of internal forces in ttnecture, and design and check the details
better. Cook and Mitchell [41] and Breen et al.][¢#i#en used STM to extend its use to
determine the nominal capacity for other structuired4989, STM was first published into
US code provisions in the AASHTO Guide Specificasidor Design and Construction of
Segmental Concrete Bridges [43]. Recently, thishogthas gained popularity for
designing diaphragms, reinforcing details in digoarty regions, anchor reinforcement,
pile caps, foundations, members with opening, dhdracomplicated concrete structures.
A significant amount of research has been conduei@anining the behavior of struts.
According to Brown et al. [5], Brown and Bayrak [28nd Sahoo et al [21], when stress
can spread outward a bottle-shaped strut will lesgmt. The outward spreading of stress
will result in transverse tensile stress developmthe strut. Since concrete is weaker in
tension than compression, this tensile force catmkse of the specimens before they
reaches their compressive capacity.

Pujol et al. [8] tested various vertically-orientggecimens with different strut widths (L)
to investigate this idea. Their specimens wereddadhder the same boundary conditions
and loading plates (6 in. [0.15m] x 6 in. [0.15 n&$ shown in Figure 4-1(a). They did not
observe any trends between the shape of the spexiamel their strength. As ACI 318-14
[3] Chapter 23 recommends different efficiency dastfor prismatic and bottle-shaped
struts. Sahoo et al. [7] also developed some exgetial tests, as shown in Figure 4-1(b),
to asses these recommendations for design. Thedaguecondition and loading plates
were the same (3.94 in. [0.1m] x 3.94 in. [0.1MPt with various strut widths (L’) and
strut lengths. They found that bottle-shaped stratge similar strength to prismatic struts

suggesting that the efficiency factor of bottlefsh struts should be modified. They also
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made recommendations for the minimum effective svarse reinforcement in bottle-

shaped struts.

3.94 in
(160 mm)
i
A
T1.81in
(100 mm)
6 in 6in 3.94 in ;
35.43in
(152 mm) (152 mm) (120 tom) (900 mm)
— s
L L1 12.81in
(100 mm
R Y.
(b)

Figure 4-1: (a) specimens for Pujol et al. [8]$emtd (b) specimens for Sahoo et al. [7] tests.
As mentioned before, one of the effective factorgdtimate strut strength is strut angle,
which recently has been considered in rectangulaecisiens with longitudinal
reinforcement. An analytical investigation was coctéd by Sahoo et al. [34] about the
effect of strut inclination on strength. It is indied that there is a direct linear relationship
between the strut inclination angle and strut &fficy factor. Another recent experimental
effort (Su and Looi [35]) investigated the efficoyrfactors in unreinforced deep beams. In
this study, efficiency factors were defined baseduaiaxial concrete strength and strut
angle. Concrete with various strengths (4 to 1x8J3 were used in nine asymmetry
specimens with strut angles of 30, 45, and 60 @sgi@ investigate how these parameters
affect strut efficiency factor. These specimens adhear reinforcement but did contain
bonded longitudinal reinforcement. The researclserggested 0.7 as a nominal strut

efficiency factor based on the results of the expental testing.
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An additional experimental study was performed Bel®/ summarized by Van den
Hoogen et al. [44] on a series of normal beamsksains with specific cut-outs in the
concrete at midspan. They observed different staglare mechanisms between the two
specimens. They concluded from their observatibasdracking caused by beam bending
cut off the line of compression of the strut, pmreuegy truss behavior. Diagonal tensile
failure cracks occur before the beam can perforin tagss.
Different international codes have different proms for designing based on STM. One
of the primary differences between these is hovstrength of the strut and strut efficiency
factor are estimated. The strut efficiency facsotypically varied based on either:

» Strut type: ACI 318-14 [3], FIP Recommendations|[4% Model Code [46]

* Concrete strength: AASHTO LRFD Bridge Design Speatfon [19], Eurocode

2 [47]

» Strut angle: CSA Standard A23.3-14 [48].

The presented research will shed additional lighthe performance of struts, the effect of

tension fields introduced by bending, and how tee&ngth should be properly estimated.
4.3 Research Significance

Recent research has brought into question how rudesign specifications treat the
behavior of struts, which typically controls memtstrength in STM. This study was

designed to isolate the behavior of diagonal cosgioa struts in typical deep beams. Two
different beam types (rectangular and truss-likigh wwvo different strut angles and either
internal bonded or external unbonded longitudineklswere constructed and tested to

failure. In this way, the behavior of struts extewgdthrough diagonal tension fields is
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directly compared to truss-like struts. Resultsenesed to show the behavior of these struts

and compare to current estimation procedures.
4.4 Experimental Program
4.4.1 Specimen Geometry and Design

The primary experimental variables explored in testing program were (1) specimen
type (rectangular or truss-like), (2) strut angB0 (or 45 degrees) and (3) type of
longitudinal reinforcement (external unbonded ¢etinal bonded reinforcement). In total,

five deep beams were constructed to investigatefteet of each of these variables on the
strut behavior and design provision performancehasvn in Table 4-1. Specimen labels
reflect the shape (“Re” for rectangular and “Trt fouss-like), strut angle (30 or 45), and

type of longitudinal reinforcement (“Ex” for exteah unbonded and “In” for internal,

bonded). No shear reinforcement was provided iselspecimens.

Table 4-1: Test Matrix

No Specimen |  Strut Specimen Reinforcement f' ¢, ksi
' Name Angle Type Type (MPa)
1 Re-30-Ex 30 Rectangle External 7.44 (51
2 Tr-30-Ex 30 Truss External 7.37 (50)
3 Re-45-Ex 45 Rectangle External 5.63 (38
4 Tr-45-Ex 48 Truss External 5.63 (38)
5 Re-45-In 45 Rectangle Internal 7.89 (54

The geometry of the specimens is shown in Figu2e Phe length of the beams was fixed
at 96 inches (2.44 m) and width fixed at 12 incf@e805 m). The height of the beam (2)

was modified to change the strut angle, which alsanged the shear span-to-effective
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depth ratio (a/d). Two different heights were tdstd8 inches (1.22 m) (giving a/d = 1.0
and 45-degree strut angle) and Z = 31.3 inche®9%017) (giving a/d = 1.6 and 30-degree
strut angle).

Two different geometries were also tested: reatlmgas shown in Figure 4-2 (a) and (c))
and truss-like (as shown in Figure 4-2 (b)). Thése geometries were selected to
investigate the impact of removing the excess @iaan the strut behavior. The truss-like
specimens have a consistent cross-sectional avag Hieir entire length (i.e. they have
the same cross-sectional area at the strut-to-mddgaces at the support and loading
points as they do at the mid-length of the strdtkg rectangular specimens allow stresses
to spread as they leave the nodal region intottie. §hese specimens also allow for the

tension developed by flexural stresses from benttingfluence the behavior of the struts.
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Figure 4-2—-Geometry of the specimens: (a) rectamgydecimen with unbonded reinforcement,
(b) truss-like specimen with unbonded reinforcemantl (c) rectangular specimen with bonded
reinforcement.

Two different types of longitudinal reinforcemenerg also tested: external unbonded and
internal bonded reinforcement. The external unbdmdaforcement, shown in Figure 4-3
(a) and (b), was comprised of two stiffened steeshepes and eight high-strength steel
threaded rods. The steel section was held at tlieatdeight with wood and the bolts on
the threaded rods were hand tightened prior tingesthe internal bonded specimen was
reinforced with eight Grade 60 #11 bars, as showkidgure 4-3 (c). The amount of internal

bonded reinforcement was provided to have a sinbdtal tie capacity to the external
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unbonded reinforcement. The internal reinforceme&as extended past the node and
welded to an external steel plate to ensure theweare properly anchored. Having internal
bonded reinforcement changed the type of nodeeasupport from a CCC node (with all
compression boundary faces for the externally oegdd beams) to a CCT node (with one
tension element intersecting the node). Theserdiitenode types are highlighted in Figure
4-2. The node type does not impact the estimatsmjalestrength using ACI 318-14, but
does impact the estimated design strength usingHNACS LRFD. The internal bonded
reinforcement was also thought to possibly intredadditional tension stresses in the

beam, as was shown by results from Sahoo et aménftioned above.

External reinforcement
(threaded rods)

(@) (b)

Internal reinforcement
(#11 bars)

External welded

plate \

©

Figure 4-3—Specimens with external unbonded: detangular and (b) truss-like; and with (c)
internal bonded reinforcement (figure has tranggespecimen to show internal reinforcement).
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4.4.2 Material

The set of beams were cast on two different daygyusady mix concrete with the same
mixture design, shown ifable 4-2. Course (uncrushed granite) and finer(igied sand)
aggregates were used with a maximum size of Olem¢l2.7 mm). The water-to-cement
ratio for both casts was specified at 0.48. Theifipd compressive strength was 4 ksi (6.9
MPa) for all the specimens. Actual measured coa@tengths on test days are shown in
Table 4-1.

The specified yield strength of the threaded rogisdufor the external tie reinforcement
was 100 ksi (690 MPa) and the internal reinforcanhen a specified yield strength of 60
ksi (413 MPa). The tie was overdesigned to notrobtihe capacity of the beams, so the

actual yield strength of the bars should not haveaicted the behavior.

Table 4-2: Concrete mix design

Fine . -
Coarse | Admixtures | Specified
(|3I: E?(Z;‘t I\Igv?liz; al%g. agg. ozlyd slump air
Ib (kg) (kg/m) in (mm)
(kg)
690 333 |1,808| 920 > 7 1.5-

Quantities 38 (1.18) (127-

0
178) 4.5%

(312) | (151) | (820)| (417)

4.5 Set up, Instrumentation, and Testing Procedure

All the specimens were tested using a three-pantimg set-up, as shown in Figure 4-4.
The load was applied to the top of the specimerasb§00-kip (3,560-kN) hydraulic jack
attached to the load frame connected to the sfitong The specimens were supported by

pin-pin supports reacting against the strong ftddhe laboratory. Gypsum cement mortar
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was applied between the steel plates and the spesiat the supports and load point to
ensure the specimens were level and the load wsigbdted evenly. As previously
mentioned, a transverse “node beam” and high diietigeaded rods were used to

reinforce the bottom tie for the external unbondedforced specimens.

Testspecimen

Support Node beam

Figure 4-4: Schematic of test setup

4.5.1 Loading Protocol

The beams were loaded monotonically in incremeh#gpproximately 10 to 25 kips (44.5
to 111 kN) prior to cracking. After each load inoent the beams were inspected to see if
the first crack had developed. After cracking, loamdrements were increased to
approximately 50 kips (222 kN). Between each loaaidment, the beams were inspected
to measure crack widths and mark crack progressibotographs of cracking were also

taken after each load increment. The estimatedcdgpaf each specimen was obtained
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from finite element analyses and STM prior to t&gtiThe specimens were not approached,
and load was applied continuously to failure, after load on the specimens was greater
than approximately half of the estimated capaditye approximate loading speed for all

of the tests was approximately 2 kips/s (8.9 kN/s).
4.5.2 Instrumentation

Data was collected during testing at a rate of luking calibrated load cells, vibrating
wire (VW) gages, string potentiometers, linear poteneters, and pressure transducers.
Load cells with a capacity of 250 kips (1,112 kNgrev placed between the top beam and
the reaction nuts at each rod location, as showngare 4-4. Two linear potentiometers
were located at the centerline of the beam on salgh 7.5 inches (191 mm) below the
loading plate in all the tests. The linear potantters were placed at this location so
deflections could be measured at the same loc&drinoth the rectangular and truss-like
specimens. These results were recorded by a dg&alaging a custom code written for
the testing series. The location of the linear podeneters and VW strain gages is shown
in Figure 4-5.

Sensors were labeled based on their location osahmple: “T” for top, “M” for middle
and “B” for bottom of strut. Since sensors are iffedent directions, local Cartesian
coordinates are defined for each strut: “X” sigesfstrains measured in the direction of the

strut and “Y” strains measured perpendicular tostinet axis.
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Potentiometer

VW Strain gage

External Rebar

Pinned support Pinned support

Figure 4-5: Location of instrumentation
4.6 Experimental Results and Discussion

The results from the full-scale experimental tegptprogram will be discussed in this
section including the crack patterns, observeduifailmodes, strains parallel and

perpendicular to the strut axis, and failure loads.
4.6.1 Crack Patterns

The crack patterns for two of the rectangular speas (bonded and unbonded) are shown
in Figure 4-6. In both specimens, a vertical flexarack started to form at midspan and
progress up toward the loading point. For the reptéar beams with unbonded external

reinforcement (Re-30-Ex and Re-45-EXx), a singleuite crack formed, progressed toward

the load point, and widened under additional l@sishown in Figure 4-6 (a). No shear

cracking formed in these beam prior to failure. #@& rectangular specimen with internal

bonded reinforcement (Re-45-In), cracking startédmadspan like the unbonded

specimens, as shown in Figure 4-6 (b). Additiomatks then formed along the bottom of
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the beam and some of the flexure cracks locatétkishear span turned into shear cracks.
As distinguished in Figure 4-6 (b) the cracks obseérin 35% Raxwere similar to cracks
observed in 50% #Rx The failure plane of the specimen with the inérbonded
reinforcement was at a similar angle to the sheacks that had developed. The first
cracking loads for all the specimens are showreibld 4-3.

The truss-like specimens did not have any sigmficeracking prior to failure. First
cracking in these specimens was typically a smmatticdeveloping under the load point at
the bottom of the load point node. One of theseispens also experienced some spalling
of the concrete off the side of the strut closehi failure load. No other cracking was

observed prior to failure in the strut or in th@gart node.

First Crack= 10% P,y  P=20% P, P=50% P, P = 557 kips
s
Re-45-Ex 7
/ /
f'. =5.63 ksi @ Vtest’ Co1a
deV f C
First Crack= 7% P, P=20% P P=35% P P = 860 kips
Re-45-In / / \
, (v f Ly S

f'. = 7.89 ksi

(b)

Figure 4-6: Crack pattern for (a) unbonded (Re-#bdhd (b) bonded (Re-45-In) specimens
4.6.2 Observed Failure Modes

A photo of all the specimens before, during and ediately following failure is shown in
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Figure 4-7. Slow motion analysis of the videos dgrfailure allowed the researchers to
identify the specific component of each beam thaed first.

The two rectangular specimens with external unbdmdanforcement (Re-30-Ex and Re-
45-Ex) both had similar failure mechanisms, as showrFigure 4-7 (a) to (c) and (g) to
(). In both, failure occurred when the top coroéthe rectangular beam broke off after
development of a diagonal crack. The bearing rebimke up as the top corner rotated
away. The corner of each rectangular beam brokelas$t to the line between the edge of
the load plate and the top edge of the back-fappati plate; this line is highlighted in
Figure 4-7 (a) and (g) for the near span. From sioion analysis of the failure videos,
it could be seen that the top corner of these bdasgan to break off just before the
crushing of the support node.

The rectangular specimen with internal bonded oea&ment (Re-45-1n) failed in a similar
manner to the rectangular beams with external uiddmeinforcement. This specimen
also appeared to have the failure of by a diagorsalk and loss of the beam corner.

The truss-like specimens with external unbondeafoetement (Tr-30-Ex and Tr-45-Ex)
both had similar failure mechanisms, as shown gufé 4-7 (d) to (f) and (j) to (I). Both
specimens had little to no cracking prior to falufhere was some spalling that occurred
on the side of the struts, highlighted in Figuré 4}. The failure of these specimens was

caused by crushing of the concrete in the nodentheédoad.
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4.6.3 Low-Cycle Fatigue of Internally Reinforced Rectanglar Specimen

The actual strength of the concrete for specimassduring the second day of casting was
significantly higher than the specified strengthisTresulted in one of the specimens
included in this paper to have a higher capacianttinat of the test setup. Finite element
analysis was used to estimate the failure load¢hvivas not substantially higher than the
capacity of the test setup (890-kip [3,960-kN] restied capacity versus 800-kip [3,560-
kN] capacity test setup). This specimen was theteteto failure through low-cycle
fatigue.

This specimen was loaded to 800 kips (3,560 kN)taad unloaded until failure. The load
versus deflection curve for all the cycles is showfigure 4-8 (a). The specimen failed
after the seventh cycle. The seven-cycle failure used with knowledge from previous
low-cycle fatigue testing of unreinforced concratembers (ACI 215 [49], and Paskova
and Meyer [50]) to determine the one-cycle faillor&d, as shown in Figure 4-8 (b). The
cycled load (800 kips [3,560 kN]) was found to bewt 93 percent of the one-cycle failure
load, which could then be estimated as 860 ki@2&8kN). The one-cycle failure load is

used in the below discussions.
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Figure 4-8: (a) Load-displacement curve for bonsieecimen and (b) curve relating number of
cycles to failure to ultimate strength (ACI 215929 (1 kip = 4.44 kN), (1 in=25.4 mm)

4.6.4 Analysis of Test Results and Discussion

The load versus displacement curves for all themiseavith external unbonded
reinforcement are shown in Figure 4-9. All the umibed externally reinforced beams had
linear elastic responses until the failure load weeched. This can be compared to the
nonlinear response of the bonded internally resddrbeam (Re-45-In) shown in Figure
4-8 (a). All the specimens failed in a brittle mannso no specimens showed any post-

ultimate load ductility.
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Figure 4-9: Load versus displacement curve for ndied specimens with (a) 30-degree and (b)
45-degree strut angles (1 kip = 4.44 kN) , (1 in425m)

The normalized failure loads for all the specimaresshown in Figure 4-10. These loads
are normalized in two different ways to accounttfe varied behavior between crushing
of the compression struts and failure induced lagainal tension. The first normalization
is based on the stress at the strut-to-node iceedad the compressive strength of concrete
(f'c), as shown in Equation 4-1. Normalizing the sstogéss by the compressive strength is
appropriate since strut crushing is controlled by tompressive strength. The second
normalization is based on the shear stress anshjtiere root of the compressive strength,

as shown in Equation 4-2.

|%
Nstrut stress = 7 tes.t Equation 4-1
[ cAstrut SIN Oserye
Vt t .
Nsnear stress = L, Equation 4-2
bydy f'c

For these specimens, the normalized strut stressos appropriate for the truss-like
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specimens and the normalized shear stress foett@ngular specimens. This is because
the truss-like specimens clearly failed due to fuing of the strut under the support while

the rectangular specimen all were influenced bydiagonal tension developing in the

strut.
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Figure 4-10: Summary of the experimental failurad® (a) normalized based on strut stress and
(b) normalized based on shear stress

There is a clear difference in strength betweenr¢lstangular and truss-like specimens.
The normalized strength of the truss-like specimeas 41 percent greater than the
rectangular specimen for 30-degrees and 25 pegreater for 45-degree. The failure
mechanisms for these beams is also shown in Fgade Failure in the rectangular beams
was triggered by loss of the top corner followedchyshing of the concrete in the support
node. The loss of the corner of these beams sheysrésence of diagonal tension in these
beams. Failure in the truss-like beams was cabgete crushing of the concrete in the

node under the support. The difference in strebgtiveen the rectangular and truss-like
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specimens was greater in the 30-degree specimaggeding that diagonal tension
becomes more significant as strut angle decreases.

The rectangular beam with external reinforcemerdg-4B-Ex) had a normalized shear
stress 26-percent less than the beam with intgrhalded reinforcement (Re-45-In). This
was unexpected as it was anticipated that the iaddlttensile stresses in the concrete
developed from the bonded steel would decreaseaipecity of the strut and support node.
The difference in serviceability performance betwdéeese two specimens is presented
above and shown in Figure 4-6.

Evaluation of the effect of strut angle dependb@n the data is normalized. As previously
mentioned, the failure loads of the truss-like gpeas are most appropriately normalized
by the strut area and concrete compressive stresigdlivn in Figure 4-10 (a) and Equation
4-1. Using this normalizing, the 45-degree truscspen was 12 percent stronger than the
30-degree specimen. The failure loads of the rgctan specimens are most appropriately
normalized by shear stress, as shown in Figure b)Jl&nd Equation 4-2. The 45-degree
rectangular specimen was about 4 percent strohgarthe 30-degree specimen using this

normalization technique.
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Figure 4-11: Failure modes of rectangular versusstspecimens

The longitudinal strains along the axis of thetstiare plotted against the applied load in
Figure 4-12 (a) and (c) and against location iruFegd-12 (b) and (d) for the rectangular
and truss-like specimens, respectively. The preserdgsults are for the 45-degree strut
specimens, but similar results were also obsemdla 30-degree specimens. The strain
in the middle gage (at mid-length of the strut) Waser than the strain at the ends of the
strut for the rectangular specimen. These stramddbe consistent with diagonal tension
and spread of stresses in the rectangular beameslomgitudinal strains in the truss-like

specimens were similar in the lower and middleipo# of the strut and then increased at
the top of the strut. The failure occurred at thye of the strut in these specimens, which

would explain the reason for the increased straihat location.
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Figure 4-12: (a) Load versus longitudinal strainveuand (b) strain versus distance curve at
0.9Pmax for Re-45-Ex and (c) Load versus straimecand (d) strain versus distance curve at
0.9Pmax for Tr-45-Ex (1 kip = 4.44 kN).

Strain was also measured perpendicular to theastisiat the mid-length of the strut. These
perpendicular strains are plotted versus the loadhte 30-degree strut angle rectangular
and truss-like specimens (Re-30-Ex and Tr-30-Espeetively) in Figure 4-13. Similar

results were obtained from the 45-degree specimi@aasverse strains developed in both
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the rectangular and truss-like specimens. It waseeted that there would be larger
transverse strains developing in the rectangulecispens than the truss-like specimens,
but comparable strains developed in each. The pdipdar strain in the truss-like
specimen at the failure load of the rectangulacispen is highlighted in Figure 4-13 (b).
The transverse strain of the rectangular specimas about 16 percent greater than the

truss-like one in exactly the middle of the strut.
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Figure 4-13: Load versus perpendicular strut sti@irfa) Re-30-Ex and (b) Tr-30-Ex (1 kip =
4.44 kN).

4.7 Comparison with Current STM Estimates

A comparison between the actual test capacity aticthated capacity of the beams using
ACI 318-14 [3], the 2016 AASHTO LRFD Bridge Desi@pecification [19] will be
presented in this section. A summary of the aataphcity of each specimen alongside the
estimated capacity using both ACI 318-14 [3] andSAN O LRFD [19] is presented in
Table 4-3. Note that the estimated capacities donetude the strength reduction factors
(¢). The measured strength normalized by the estthr@pacity is shown in Figure 4-14;

note that a measured over estimated capacity (fdtig) less than 1.0 is unconservative.
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The AASHTO LRFD [19] provisions conservatively esated the failure load for all the
specimens. The ACI 318-14 provisions conservatiestymated the capacity of two of the
five specimens (Tr-45-Ex and Re-45-In). The othesé¢ specimens were unconservatively
estimated using the ACI 318-14 provisions: Re-3(hkd an M/E of 0.74, Tr-30-Ex was

0.81, and Re-45-Ex was 0.98.

Table 4-3: Measured and Estimated Failure Loads

NoO Specimen Pcrack, Kips Ptes, Kips Paci, kips PaasHTo,
: Name (kN) (kN) (kN) kips (kN)
1 Re-30-Ex | 25(111) | 381(1690) | 512 (2277) 380 (1690)
2 Tr-30-Ex | 100 (445) | 583 (2590)| 709 (3153) 375 (1668)
3 Re-45-Ex | 60(267) | 557 (2480)| 568 (2526) 488 (2170)
4 Tr-45-Ex | 382 (1700)| 717 (3190)| 691 (3073) 517 (2299)
5 Re-45n | 60(267) | 860(3830)| 669 (2975) 501 (2228)
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Figure 4-14: Measured strength divided by estimateshgth using ACI 318-14 [3] and
AASHTO LRFD [19].

The predicted failure modes compared with obsefaéddre modes are shown in Table
4-4. Generally, the predicted failure node usind 803-14 [3] was similar to the predicted
failure node using AASHTO LRFD [19], although thantrolling face of the failure node
was different for some members. These predictddrés were similar to the observed
failure mode for most of the members. The only ifiggnt difference was the prediction
of the failure location for Re-45-In, which had amally bonded reinforcement with
welded plates at the end. An in-depth discussiaisfspecimen can be found in Rezaei

et al. [11].
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Table 4-4: Predicted versus observed failure modes

Specimen ACI Predicted AASHTO Predicted Observed
Strut-to-Node : .
Rewex | imerace Gupport | BackFace | Pigona Tenson
Nodes) P P
Back Face Back Face
Tr-30-Ex (Support Nodes) (Load and Support Load Node
P Nodes)
Strut-to-Node : .
Re-45-Ex Interface (Support (SuBaCokrtFNaSSes) Dlggonslrthgzlé)sn /
Nodes) P bp
Back Face All Faces (Load and
Tr-45-Ex (Load Node) Support Nodes) Load Node
Strut-to-Node Back Face Diagonal Tension /
Re-45-In Interface (Load Node) Support Nodes
(Load Node) P
4.8 Summary and Conclusions

The work of this project was to explore the diffeze in behavior between rectangular and
truss-like beams without shear reinforcement. Tt{geemental work consisted of testing
five large-scale beams with different geometriest@ngular and truss-like), different strut
angles (30 and 45 degrees), and different longialdieinforcement (external unbonded
and internal bonded). The specimens were testddiltoe and loads, deflections, and
strains along the strut length perpendicular andlleh to the strut axis were measured.
The behavior of the specimens and struts duringingesvas monitored, and the
experimental capacity was compared to the estimapdcity using ACI 318-14 [3] and
AASHTO LRFD [19].

Several observations and conclusions can be mael lma the results of this study:
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* Geometry. Truss-like specimens failed at higher loads ttemtangular specimens
(with the same angle). The truss-like specimenarigidailed due to crushing of
the concrete in the node under the load pointukaibf the rectangular specimens
was clearly triggered by the top corner of the 8pens breaking off followed by
failure of the support node. Pujol et al. [8] hadvpously found that strut geometry
in vertically oriented struts did not influence thgut strength. The results from
Pujol et al. [8] coupled with the observation frahe failure of the rectangular
specimens would suggest that there are diagonsilgestiresses that develop in
these rectangular beam elements that influenckehavior of the member.

» Type of Reinforcement The rectangular beam with external reinforcentnet a
normalized shear stress 26 percent less than thme lvdth internally bonded
reinforcement. This was unexpected, since it wagdht that the internal bonded
reinforcement would increase the tensile stress#eeistrut. Additional research is
currently being done to further investigate thieetf

e Strut Angle: The 45-degree truss specimen was 12 percemgstrahan the 30-
degree truss specimen. The 45-degree rectangudaimsgn was about 4 percent
stronger than the 30-degree specimen. These resulisl suggest that strut angle
does influence the strength of struts. Furtheirtgsghould be done with struts at
additional angles to identify the exact relatiopshi

The current ACI 318 [3] STM provisions do not esim the failure load of all the
specimens conservatively. Design recommendatiome haen made by Klein et al. [12]

to capture the influence of diagonal tension irséhmembers.
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410  Appendix

The following symbols are used in the paper:

a/d = shear span-to-depth ratio

Astut = area of strut-to-node interface,in.

bw = web width, wall thickness, or diameter of ciraudaction, in.

d = distance from extreme compression fiber to camiwblongitudinal tension
reinforcement, in.

f' = specified compressive strength of concrete, psi

L = length of specimens, in.

Nshearstress = Stress at strut-to-node interface normalizeddncrete compression
strength

Nstrut stress = shear stress normalized by square root of ctencmmpression strength
Pcrack = applied load at first cracking, kips

Piest = applied load at failure, kips

Paci = estimated applied load at failure using ACI 3ifs

PaasHTO = estimated applied load at failure using AASHTRHD, kips

Viest = shear force at beam failure, kips
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Z = beam height of test specimens, in.

Ostrut = angle of strut, rad.
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Chapter 5: Effect of Development and Beam Geometrgn Behavior of Concrete

Deep Beam$
*Nazanin Rezaéj Gary Kleirf, and David Garbér
5.1 Abstract

The effect of development type and length and bemometry on the behavior of
discontinuity regions in concrete deep beams wasstigated through experimental
testing and numerical study. Observations of cragkiatterns and measurements of load
and displacement at midspan of four large-scalerede deep beams tested under a three-
point load setup were used to calibrate numericaets. Thirty-five specimens were then
modeled in a nonlinear finite element softwarevalgate the strength of deep beams with
different development lengths, development typésit angles, and beam geometries.
Development length and type of development wasddonmpact the presence of tensile
stress in the support nodes. A rectangular bearmegep was found to cause diagonal
tension stresses in the struts, not present is-tikis specimens. The tensile stresses from
reinforcement development and diagonal tension viarad to not be additive in these
rectangular beams.

Keywords: Strut-and-tie, Finite element, Deep beam, Develognt&ilure mechanism
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52 Introduction

The strut-and-tie method (STM) is a simple andat#é tool for designing reinforced
concrete deep beam members and discontinuity regi®rM relies on modeling the stress
flow in @ member with a theoretical truss or kinéimanodel composed of compression
elements (struts), tension elements (ties), andntieesection of these elements (nodes).
Nodal zones are the critical regions of the stnd-ae model and can be defined based on
the types of elements intersecting the node; tlagybe bounded by three or more struts
(CCC), two or more struts and a tie (CCT), or aitstr struts and ties in two or more
directions (CTT). According to Yun [51], the stréingof nodal zones in the structure
depends on:

» Supports, struts, anchorage plates, and reinfoncemehich can introduce

confinement in the nodal zones,
» Ties which are anchored in, or across, a nodal,ashieh affect strain distribution
in nodal zones and can cause splitting stresses.

Other researchers have also confirmed the effdat®mfinement through experimental
testing of beams with different bearing areas [#] the effects of tension reinforcement
[53]. These effects lead to nodes in the presehtension (CCT and CTT) having lower
capacities than nodes under only compression (C@I@igh may also experience benefits
from confinement.
The strength of a member using STM is also depdndenthe development of the
reinforcement required to provide sufficient strénig ties. Development of reinforcement
can be achieved by providing a sufficient embedniemgth of straight reinforcement.

Hooked and headed bars can be used to decreasgtived development length, but can
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lead to congestion, which can cause constructabilisues and poor concrete
consolidation. Alternatively, tie reinforcement che welded to anchorage plates that
develop the tie force at the weld. Whether straigbbked, or headed bars or some other
means for bar development are used, the genenareetent for STM is that the tie force
be developed at the point where the centroid ofithkeaves the extended nodal zone [3].
However, it is considered good practice to deveétapyield strength of the tie at the face
of the support or reaction due to the likelihooccdcks at these locations. Ties can fall
due to yielding of the tie reinforcement (whichuks in a desirable ductile failure), rupture
or failure of the hook, headed bar, or mechanialiat, or development failure of
reinforcement [54].

There has been some research done on the impgaeadéd reinforcement on the behavior
of CCT nodes [54]-[57]. Thompson et al. [54] invgated the effect of headed bars on
CCT node behavior through large-scale experimeéaséihg. In their study, sixty-four CCT
node specimens with 30, 45, and 55-degree struesngere tested to failure. The
researchers found that using small headed barmcegease the strength of the CCT nodes
by up to 44 percent as compared to the non-headeddse. They also found that bars
required smaller head sizes as strut angle decteake to the increased available
development length in the extended nodal zone.

These nodal zones are only one component of a ebdengtirut-and-tie model. A strut-and-
tie model is composed of struts, ties, and noda¢gpas shown in Figure 5-1 for a simply-
supported four-point loaded deep beam. During desgch of these elements must be
designed and checked individually to resist theesponding forces in the truss modeling

the force flow through the beam. Current desigrvigions [3] base the strength of strut
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elements on the strut type. Bottle-shaped striggtasught to be struts where stress can
spread throughout the length of the strut. Pristnstiiuts are struts where compressive
stresses are not able to spread. Bottle-shapdd stmi be idealized as prismatic struts, but
current ACI definitions would suggest this does elohinate development of transverse

tension. Recent work [8], [10], [12] has broughtbiguestion whether this is the actual

behavior of these elements.

P P
Prismatic Stru |

Bottle-Shaped—
Strut

— |dealized
Prismatic
Strut

Figure 5-1: Description of strut-and-tie model wi@l 318-14 [3] strut definitions
The primary purpose of this study is to continuénteestigate the influence of tension on
the overall behavior of deep beam members througinecting the influence of

development length to reinforcement type and specigeometry.
5.3 Research Significance

There is a gap in understanding of how variousofacaffect the behavior of nodal zones
and disturbed regions in deep beam members. Téeaureh investigated four independent

parameters, including: overhang length (rangingifrm development length provided past
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the end of the bearing to full development provided for the specific devetdpype),
rebar development type (straight, hooked, internally bonded and externally utbonde
reinforcement attached to the external plates), beam typar(gedar and truss-like), and
strut angle (30, 45, and 60 degrees). The goal of the research weertartkethe impact

of these parameters on the development of tension in nodal zones and dagtsnaind

to determine if the effects were additive or independent of one another.
5.4 Experimental Program
5.4.1 Specimen Geometry and Design

The experimental program conducted at Florida International Univ€Fit) included
the experimental testing of several concrete deep beams [1Qfeduies for four of these
specimens are presented in this paper to validate the numerigalsapeovided later. The
details for the four specimens tested experimentally are shoWable 5-1 and in Figure
5-2 (with the appropriate overhang length| pnd reinforcement type). The specimens all
had the same span length (span length 96 inches [2.44 m]), height (48 [(h&Zem)]),
and width (12 inches [0.305 m]).
The naming convention for all the specimens is based on the followingrierent
variables:

» Specimen TypéRe” for rectangular and “Tr” for truss-like

* Reinforcement Type'ExU” for externally unbonded; “S” for internal straight

bonded; “H” for internal hooked bonded; and “EP” for internal bonded welded to

steel plate
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* Overhang Length g): distance from outside of support bearing to end of
development length
Note that the results from three of the four specimens (all bgi-lR-0) have been

previously presented in Rezaei et al. [10].

Table 5-1: Details of experimental test specimétis)( subscript identifies experimental tests)

No. Spln\le;:rinn;en Sp_l?;ri)zen Reinforcement Type ([é]'r?]) El\lei’(;;

1 Reg)-H-0 Rectangle Internal-Hooked 0 (0) 7.86 (5

2 Ree-EP-9.5 | Rectangle Internal-Extended Plate(gfl) 7.89 (54)

3 Ree-ExU-0 | Rectangle External Unbonded 0(0 5.63 (88)
4 Tre-ExU-0 Truss External Unbonded 0( 5.63 (38)

An external plate was welded onto the internally bonded longitudimébreement in one
of the experimental specimens (B€P-9.5), shown in Figure 5-2 (b). CCT and CTT
nodes have generally lower strength capacity than CCC nodes. Acctodprgvious
studies, using steel cage and anchorage plates on top of the support plateanga the
formation of the CCT node [51], [58]. In the case of developing a #11 resnfiemt
properly, the required head on a headed bar would create congestion @itéseaplthe

end [56]. For this reason, all the bars were welded to one plate at each end.
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Figure 5-2: Typical specimens geometry for beariesdrn) Re-H, (b) Re-EP, (c) Re-S, (d) Re-
ExU, (e) Tr-ExU, (f) Re-EP, wherk is overhang length and h is 8.5 inches (215 mm)

The full experimental matrix for the numerical investigation espnted in later sections,

but uses the same nomenclature described above.
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5.4.2 Material

The externally unbonded reinforced specimensgeff&U-0 and Tg)-ExU-0) were cast

at the same time using the concrete mixture shown in Table 5-2ntEneallly reinforced
cases (Re-H-0 and Re)-EP-9.5) were cast at the same time on another day using the
same design mixture as the first cast. The maximum size@fggregates in this mixture
was 0.5 inches (12.7 mm). A 0.48 water-to-cement ratio was used in dgith The
compressive strength measured on the test days are shown inrbablée ties were
overdesigned to not govern the failure. The specified yield strengitknnal and internal

tie reinforcement was 100 ksi (690 MPa) and 60 ksi (413 MPa), respectively.

Table 5-2: Concrete mix design

Cement | Water Fine Coarse | Admix. | Specified

agg. agg. ozlyd slump air
(k) | 1o ka) | 1y kg) | b (kg) | (kg/m) | in. (mm)
690 | 333 | 1,808 | 920 38 5.7 1.5-

Quantities | 315y | (151) | (820) | (417) | (L.18) | (127- 178)| 4.5%

5.4.3 Loading Setup

An 800-kip (3,558-kN) load frame was designed for the experimersiithge shown in
Figure 5-3. The load frame consisted of an 800-kip (3,558 kN) hydraulicfaok?250-
kip (1,112 kN) calibrated load cells to measure the load, pin suppohts béam ends, a
node beam to provide the necessary longitudinal restraint in thenaktereinforced
beams, and linear potentiometers to measure vertical and horizdieatide. The node
beam was not used for the internally reinforced specimens. Hegigirgypsum cement
mortar was used at the supports and load points to level the teistapg and ensure the

load was applied evenly on the specimens.
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Load Cells

Linear Potentiometer

Test Specimen

© Support (d)

Figure 5-3: The steps of loading setup and specimen installation

5.4.4 Loading Protocol

The load was initially applied monotonically in increments of approximateto 25 kips
(44.5 to 111 kN) on top of the specimens until the formation of the faiskcAfter the
first crack was observed, additional load was applied in incremermigpobximately 50
kips (222 kN). After each increment, the loading process was pauseeaBum crack
widths, mark crack progression, and take photos of cratke. load was applied
continuously to failure and the specimens were not approached, afteathen the
specimens was greater than approximately half of the estimagmcity. Photographs of

Reg)-H-0 before failure, during, and after failure are shown in Figute 5-
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Figure 5-4: Rg)-H-0 (a) before loading, (b) during loading, (c) after failure

5.4.5 Instrumentation

Load and deflection were measured during testing using calibratéctétla and linear
potentiometers, respectively. Load cells with a capacity of 250 kip$2 kN) were placed
between B-1 and the reaction nuts at each rod location, as shown i@ $8ud). Two
linear potentiometers were located at the centerline of the baagach side, 7.5 inches
(2191 mm) below the loading plate in all the tests. The linear potengmneere placed at

this location so deflections could be measured at the same location for akk¢imaens.
5.5 Numerical Program

An overview of the numerical investigation will be given in thistisec including the

validation of the numerical models based on the experimental results.
5.5.1 Modeling Parameters

The finite element analysis was completed using ATENA GiD 13.0.3g&bmetry of the
specimens was built in the pre-processor and the material prepeetie assigned to each
element of the specimen. As material properties play a signtfirole in numerical

modeling, it is important to have models that accurately estiatatel material behavior
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for valid results. The concrete was modeled by a 3D solid bricknegie with
CC3DNonLinCementitious2 material prototype, which is fully incremenith eight to

20 nodes [59]. Plastic deformation, cracking, and crushing can be modetedhisit
element and material, and it has three degrees of freedom, (¥drZ) at each node.
Cracking is predicted using a fictitious crack model [60]. This mizdeééfined based on
crack-opening law and fracture energy to model crack propagatiemionced concrete
structures. Three crack opening stages were defined during cracktifor, as shown in
Figure 5-5 (a). The concrete remains uncracked at applied teinegses 4:1) less than
the effective tensile strengthif"). After cracking, a crack will increase in width based on
the fracture energyGg) of the crack until the full crack widthw) is reached. After a crack

has reachedr, the crack as compatibility requires without the need for additioactiire

energy.
uncracked .,  process zone cracked
Oc1 Oc1
A A
ef
ref L _____3 t
t

v

crack closing € w,  w (crack width)

(@) (b)

Figure 5-5: (a) Tensile stress-strain curve for concrete vatiestof crack opening, and (b)
exponential crack opening law, adapted from [60]

The summary of the concrete material model is shown in Table Ja8nAinear elastic-

plastic behavior was considered for the concrete. This behavior suggestsélations in
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the stress-strain field before cracking (Hooke’s Law), and afecking the Drucker-
Prager and Rankine criteria are used to determine the behavigpeoimens in
compression and tension, respectively. Plastic strain and tension stitééieictg are also

considered in the software

Table 5-3: Summary of Concrete Material Properties

Concrete Material Properties
Base Material Prototype CC3DNonLinCementitious2
Cylinder Compressive Strength 7.89 ksi (54 MPa)
Initial Elastic Modulus 4,350 ksi (29,992 MPa)
Poisson’s Ratio 0.2
Tensile Strength 0.52 ksi (3 MPa)

Reinforcement was modeled using 1D bar elements which are a alniarsion-
compression element and CCReinforcement was chosen as a npat#ogipe. All the
unbonded and bonded reinforcement were modeled as typical Grade 100 and 60
reinforcement, respectively. The unbonded reinforcement for the expéainspecimens
was high-strength (Grade 100) threaded rods. Normal bond chataxgdnstween the
concrete and reinforcement were used for the bonded specimensathassumption that
there were no issues with the bond at the time of casting. Alrcgdéasstic behavior was
used to model the ties because they were designed to hold thésfosstheir yielding
point. The steel yielding criterion was based on the von Mises definitions.

Steel plates were used to simulate supports and loading plates ussiglasticisotropic
material type. Steel plates were used to best impersonate sapgddad conditions of
the experimental specimens. An elastic-isotropic material ssasyaed for the steel plates

of the supports and loading area.
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The size of the mesh for this study varied between 2 and 3 inchesd56anm). A
tetrahedral mesh was adopted for the truss-like specimens. A Hexameesh was used
for the rectangular specimens. The mesh size was refined tnggults from the
experimental testing and then used for all numerical models.

Pin and roller support conditions were modeled at the centerline stifport plates. A
displacement-controlled, distributed load was applied at the centeflitiee load plate
monotonically in 50 increments until failure. Results were obtaine@doh load step,
including: the load-deflection curve, the ultimate load, the ultitiefiection, stress strain

values, and cracking behavior at each step.
5.5.2 Model Validation

The FE analysis was validated based on the load-displacement torvesir of the
experimental specimens, as shown in Figure 5-6. The slopes of thgrexyal curves are
similar to those of the numerical curves. Additionally, the failoaels from the numerical
models were between 0 and 7-percent of the failure load measumaghhthe
experimental testing. These results suggest good agreement bitevegperimental and

numerical results.
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Figure 5-6: Comparing load-displacement results from experimental arefinahoutputs (a)
Re-H-0, (b) Re-ExU-0, (c) Tr-ExU-0, and (d) Re-EP-9.5

The crack pattern was obtained at different stages of loading tgrfeE software. The

crack pattern from the software could then be compared to the obsewkgattern from

the experimental testing. The distribution of the observed cracksliemexperimental test

for Re-H-0 compared to the cracking from the numerical study isrshokigure 5-7. First

cracking occurred in both the experimental test and numerical moaebat 10-percent
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of the failure load and propagated from the mid-span upward to the Idedgsahown in

Figure 5-7 (a) and (b). Because the reinforcement was bonded, additionsd ftexcking

and shear cracking formed, as shown in Figure 5-7 (c) and (d). Tine= faitiated by a

development failure of the hook and diagonal failure was then seen inXpattineental

and numerical results. The crack patterns and service behaviorual tests and FE

analysis were consistent, further validating the results.
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Figure 5-7: Actual and predicted crack patterns in Re-H-0
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5.5.3 Numerical Specimen Details

The primary experimental variables for this numerical study were:
» Specimen type rectangular and truss-like
* Reinforcement and development typeinternal-straight, internal-hooked, internal
with a plate welded on end, and external with a plate bolted on end
* Overhang length ranging from no development length provided past the end of
the bearing to full development provided for the specific development type
o Strut angle: 45-degrees was chosen as the primary value for strut &ogl80-
and 60-degree were also investigated for the specimens with bondechamnded
external reinforcement with plates attached on the ends
From these experimental variables, six primary series ofrapas (shown in Figure 5-2)
were modeled in the FE software with different geometry and ovgrlemgth. All the

specimens with 45-degree strut angles modeled in the FE soétveasbown in Table 5-4.

Table 5-4: Summary of the numerical specimen details and results

] e [ e
(mm) (KN)
1 Re-S-0 | Rectangle Ig:regir;ll; 0 (0) (3?145'2) Sl\lf(?é)eosft
2 | Re-S-9.5| Rectangle 'gﬁf;ﬂﬁ,'; 9.5 (241) (2,38%1'2) Sl\lljc?c!logsft
3 | Re-S-18 | Rectangle Ig'ttre;ir;:; 18 (457) (;43262) Sﬁﬁgt
4 | Re-S-30 | Rectangle Ig'ttre;ingil; 30 (762) (?3155(?) Sl\l|1(§)(5)eosft
5 | Re-S-35| Rectangle Ig'ttre;ingil; 35 (889) (73829?;39; Sl\l|1(§)(5)eosft
6 Re-S-40 | Rectangle Ig:f;%ﬂ{ 40 (1,016) (2,16163) SnuolodpeosIrt
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Overhang

Failure

Specimen| Specimen| Reinf. : . Failure
No. length,in. | Load,kips .
Name Type Type (mm) (kN) Location
. Internal- 496.7 Support
7 Re-H-0 Rectangle Hooked 0 (0) (2,20) Nodes
| Internal- 751.2 Support
8 Re-H-9.5| Rectangle Hooked 9.5 (241) (3.341) Nodes
| Internal- 915.4 Support
9 Re-H-18 | Rectangle Hooked 18 (457) (4.071) Nodes
| Internal- 891.3 Support
10 | Re-H-30 | Rectangle Hooked 30 (762) (3.964) Nodes
| Internal- 853.6 Support
11 | Re-H-40 | Rectangle Hooked 40 (1,016) (3.797) Nodes
Internal-
809.7 Support
12 | Re-EP-0| Rectangle External 0 (0)
Plate (3601) Nodes
Internal-
889.5 Support
13 | Re-EP-9.5 Rectangle External | 9.5 (241)
Plate (2,156) Nodes
Internal-
865.7 Support
14 | Re-EP-18| Rectangle External | 18 (457)
Plate (3,850) Nodes
Internal-
833.7 Support
15 | Re-EP-40] Rectangle External | 40 (1,016)
Plate (3,708) Nodes
| External- 911.7 Support
16 | Re-ExU-0| Rectangle Unbonded 0 (0) (4.055) Nodes
Re-ExU- External- 942.7 Support
17 9.5 Rectangle Unbonded 9.5 (241) (4,193) Nodes
Re-ExU- External- 881.7 Support
18 18 Rectangle Unbonded 18 (457) (3,922) Nodes
Re-ExU- External- 880.9 Support
19 40 Rectangle Unbonded 40 (1,016) (3,918) Nodes
Internal-
884.6 Support
20 Tr-EP-0 Truss External 0 (0)
Plate (3,934) Nodes
Internal-
21 | Tr-EP-9.5|  Truss | External | 9.5 (241) (49]-84-96;1.-) Sﬁgg’é’:
Plate '
Internal-
22 | Tr-EP-18| Truss | External | 18 (457) (2%17) SN“(E’(EQS
Plate '
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Specimen| Specimen| Reinf OMEMENE) | [FAUG Failure
No. ?\lame IOT e T e. length,in. | Load,kips Location
Internal-
23 | Tr-EP-40| Truss | External | 40 (1,016)| 0056 | Support
(4,464) Nodes
Plate
External- 11945 Load
24 | TrExU-0 Truss | Gnponded|  © (@ (5,313) Nodes
Tr-ExU- External- 1136.6 Load
25 9.5 Truss Unbonded 9.5 (241) (5,055) Nodes
Tr-ExU- External- 1090.6 Load
26 18 Truss Unbonded 18 (457) (4,851) Nodes
Tr-ExU- External- 1051.9 Load
21 40 Truss Unbonded 40 (1,016) (4,679) Nodes

The development lengths were calculated according to Section 25.4.2.3 and 25.4.3.1 of
ACI 318-14 and found to be 40 inches (1,016 mm) for straight bars and 18 (d4éfies
mm) for hooked bars. An additional overhang length of 9.5 inches (241 mmhuosenc

to have a length between 0 inches and 18 inches (0 and 457 mm) and tabe@iieare

the results with one of the experimental testgg;)Hd>-9.5.

Additional specimens with 30- and 60-degree angles are provided ia Bdhl These
specimens only included Re-EP, Tr-EP, Re-ExU, and Tr-ExU sexddbitionally, an

overhang length beyond the edge of the bearing pad of 0 inches (0 mmdedar all

these specimens.
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Table 5-5: Summary of the numerical specimen details and resutti§fésent strut angle and 0

in. (0 mm) overhang length

Specimen | Specimen Reinf. S Fa|lur§ Failure
A Name Type Type Fgls | Loen e Location
(degree) (KN)
Internal-
1 Re-EP-30| Rectangle External 30 (i’9724§) Sﬁggggt
Plate '
Internal-
809 Support
2 Re-EP-45| Rectangle External 45
Plate (3,598) Nodes
Internal-
3 Re-EP-60| Rectangle External 60 (1642363; Sﬁggggt
Plate '
Internal-
4 | Tr-EP-30 | Truss | External | 30 302.8 Load
(1,613) Nodes
Plate
Internal-
5 Tr-EP-45 Truss External 45 885 Load
(3,936) Nodes
Plate
Internal- 954
6 Tr-EP-60 Truss External 60 Load nodes
(4,243)
Plate
i i External- 593.2 Support
7 | Re-ExU-30| Rectangle Unbonded 30 (2,638) Nodes
External- 912 Support
8 | Re-ExU-45| Rectangle Unbonded 45 (4056) Nodes
External- 1351.6 Support
9 | Re-ExU-60| Rectangle Unbonded 60 (6,012) Nodes
10 Tr-ExU-30 Truss External- 30 746.4 Load
Unbonded (3,320) Nodes
11 Tr-ExU-45 Truss External- 45 1195 Load
Unbonded (5,315) Nodes
Tr-ExU-60 External- 1367.2
12 Truss Unbonded 60 (6,081) Load nodes
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5.6 Results and Discussion

The results from the FE analyses are presented in this séati@verall summary of the
results is first presented followed by a breakdown of results by comparis

» Effect of development length,

Effect of type of development,

Effect of beam type,

Effect of internal bonded versus external unbonded reinforcement, and

Effect of strut angle.

5.6.1 Summary of Results

As mentioned, there were six primary series of beams thatmedeled based on the beam
geometry and tie reinforcement. The failure loads for all thxesens at the various
overhang lengths are summarized in Table 5-6. The failure load fansbeath
theoretically fully developed reinforcement is highlighted. Theselt® are all for 45-
degree beams; results from the 30- and 60-degree beams digicossed in more detail

in later sections.
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Table 5-6: Summary of failure loads for all beams with 45-degretastgle in numerical
investigation (underlined* number indicates sufficient developmentheestimated using ACI

318-14)
0. Failure Loads (organized by series)kips (kN)
in(mm) | Re-s Re-H Re-EP | Re-ExU | Tr-EP Tr-ExU
0(0) 485 497 809.7* 912* 885* 1195*
(2157) (2209) (3601) (4056) (3936) (5315)
9.5 (241) 640 751 890 942.7 989 1137
' (2846) (3340) (3958) (4193) (4399) (5057)
18 (457) 743 915* 866 881.7 1011 1091
(3305) (4070) (3852) (3741) (4497) (4853)
776 891.3
30(762) | 3451y | (3964) - - - -
786
35 (889) (3496) - - - - -
40 (1016) 811* 853.6 834 880.9 1004 1052
(3607) (3797) (3709) (3700) (4466) (4679)

5.6.2 Effect of Development Length

The available development length provided did affect the behavior of the beaatigtier
different development and beam types. The failure loads for all thesbesrsus overhang

length are shown in Figure 5-8.
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Figure 5-8: Failure load versus overhang length

The two types of development reliant on the internal development oéitifercement
(Re-S and Re-H) increase in capacity as they approach theraesl development
lengths: 18 inches (457 mm) for hooked bar and 40 inches (1016 mm) fontstraig.
The maximum capacity for these beams came when the overhartypeogtded exactly
the needed development. The capacity decreased slightly in the hookedtblezager
overhang lengths. This was thought to have occurred due to the self-vo@igjmnd
cantilevered overhang introducing additional tensile stress in the node.

The rectangular beams with internal reinforcement welded tonaxktgelates (Re-EP) did
not see a substantial change in capacity as the overhang lengtlaneals There was a
slight increase in capacity when going from an overhang lengthneh@s (O mm) to 9.5
inches (241 mm). This was likely a result of the 9.5-inch (241-mmjhang length

moving some of the tensile stresses from development outside of the nodal zone.
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The truss-like beams (Tr-EP and Tr-ExU) both experienced a drachatige in capacity
based on the overhang length. A proposed reason for the truss-like beaghsnbes

affected by overhang length than the rectangular beams is discus$etil in a later

section. The beams with internal, bonded reinforcement (Tr-EP) hadreasaed capacity
as the overhang length was increased. Like Re-EP, this is likegul of larger overhang
lengths moving tensile stresses associated with bar developmedé afthe nodal zone.
The truss-like beams with the external, unbonded reinforcement (Oy{t&d a decreased
capacity with longer overhang lengths. This is likely a resusinzdller overhang lengths

allowing for increased benefits due to the confinement of the external plate

5.6.3 Effect of Type of Development

The type of development used to develop the reinforcement did not haveifeasd
impact on the ultimate capacity of the rectangular beamsatloeef loads for beams with
sufficient overhang length (highlighted in Table 5-6) were within aboyttelfent of each
other. The load versus deflection curves for these beams are shoigara $%-9. All the
beams had the same stiffness prior to first cracking. Afeakang, the stiffness varied in
the beams with: Re-S-40 having the softest response, Re-H-18 arRt®Rbaking similar

stiffnesses, and Re-ExU-0 having the stiffest response.
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Figure 5-9: Load versus deflection curves for rectangular beamsul§thiéveloped
longitudinal reinforcement

As discussed above, the presence of bonded reinforcement introducesterssits in the
support node region as the reinforcing bars develop. The location andéffezte tensile
stresses can be most clearly seen in the truss-like beamsefTical stresses and crack
pattern for truss-like beams with internal bonded and external unbomafedaement (Tr-
EP-0 and Tr-ExU-0, respectively) at 20-percent of the failure E@&gercent of the failure
load, and at the failure load are shown in Figure 5-10. The tens$s sitroduced by the
bonded reinforcement causes cracking in the leg of the truss-like sbawn in Figure
5-10 (c) compared with the compression stress of Figure 5-10tfdemternal unbonded
reinforcement. Note that the tensile stresses introduced by reéngfdvar development are

at a different location in these beams than diagonal tension inttbydeeam bending,
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so the effects are not additive. This supports the idea presergedhels [12] that there

can be a separate diagonal tension stress check separate from STbtresdalhecks.

Stress
Sigma ZZ,
[pst]
1000.00
0.00
-500.00 g
-1000.00 PR Y
-1500.00 O/
-2000.00
-2500.00
-3000.00
-5000.00

%Y
4%V
g

0NN Y

Figure 5-10: FE model for (a) Tr-EP-0 at 20 percent.@f, Pb) Tr-ExU-0 at 20 percent of:B
(c) Tr-EP-0 at 50 percent ofk, (d) Tr-ExU-0 at 50 percent of:B, (e) Tr-EP-0 after failure and
(f) Tr-ExU-0 after failure

5.6.4 Effect of Beam Type

Rectangular and truss-like beams were modeled to better undehstaaffitt of the beam
type on behavior and strength. Beam type has a large effect oenttralgoeam behavior

and on the way development length and type of development impacts the behavior.
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The failure loads for rectangular and truss-like beams with no awgridrad an external
plate welded to either internal or external reinforcement laoevis in Figure 5-11. The
failure loads for the truss-like beam with external, unbonded reimf@nae (Tr-ExU-0)
was about 40-percent higher than the rectangular beams. The trussalikevith internal,
bonded reinforcement welded to the steel plate (Tr-EP-0) had &rscapacity to the
rectangular beams. This shows how the tensile stresses caulsedbgded reinforcement

developing in the nodal zone can decrease the strength.

1400

1200

1000
800
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400
200

0

Figure 5-11: Summary of the numerical failure loads versus specimens
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As previously introduced, the beam type will also impact the way dkailable
development length and development type impact the behavior and ultireatglstiThe
rectangular beam already had diagonal tensile stress introduced by metmg bleat will
decrease the capacity. Additional tensile stress introduced byopgenastt in the nodal

zone did not change the behavior. This would suggest that the diagonal tensiliecstress
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beam bending is impacting the beam at a different location thateriege stress from
development in the support node. This is consistent with previous observatitims on
failure of similar beams through experimental testing [10]. Beedhere are no diagonal
tensile stresses impacting the behavior of the truss-like beanosgluaing tensile stress in
the support nodes does impact the behavior of the truss-like beams. ldatenggal,
unbonded reinforcement with a plate welded on the end allowed for the nbdseo
compression on three faces and gain confinement benefits. Internal, bondedesiafar
introduced tension in the support node and decreased capacity. This ilsedescmore

detail in the following section.
5.6.5 Effect of Strut Angle

The effect of strut angle was investigated for the rectangathtrass-like specimens with
plates welded to the reinforcement. The normalized strut sttetslie for these
specimens are shown in Figure 5-12 organized by beam type. A dscussi
normalization can be found in Rezaei et al. [10].

The strut angle had the most dramatic effect for the rectangeéans (Re-EP and Re-
ExU), where a smaller strut angle corresponds to lower cagmacithe truss-like beam
with bonded reinforcement and a 30-degree strut angle had a loweitydipan steeper
angles, due to the reinforcement having more contact with the cotltagtespecimens
with steeper angles. Strut angle did not have a significant ingpattie truss-like beam
with external, unbonded reinforcement (Tr-ExU). The failure in thessms was in the
node under the loading plate, which may be the reason why they were aftécied by

varying strut angles.
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Figure 5-12: Normalized strut stress versus series
5.7 Summary and Conclusions

This paper investigated the effect of specimen shape (rectarajudatruss-like),
development type (straight, hooked, external unbonded, and internal bonded bars),
overhang length (0 inches [0 mm] and 9.5 inches [241 mm], 18 inches [457 mm], and
40 inches [1,016 mm]), and strut angle (30, 45, and 60 degrees) on the behavior of
concrete deep beams. Crack patterns, load-deflection behavior, andeuiibaas from
large-scale experimental tests were used to validateghiésr&om numerical analysis.
Then numerical models were developed and analyzed to investigate the
abovementioned parameters. Several observations and conclusions can be rdade base
on the results from the numerical study:

* Overhang length Insufficient available development length led to

development failure and lower ultimate capacities, as would be expect
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Additionally, beams had a higher capacity when the region whereaht
bonded reinforcement was developing was shifted away from the support
nodes, i.e. with longer overhang lengths. This shows how tension stresse
caused by reinforcement development can decrease the strength of nodes
(as is handled by difference in node type in most design codespand

this effect can be mitigated by moving the region of developrwealy

from the nodal zone.

Development type (rectangular beams)The type of development used

to develop the reinforcement did not have a significant impact on the
ultimate capacity of the rectangular beams; the failure lé@dbeams

with sufficient overhang were within about 10-percent of each other.

type of development did impact the member stiffness, with unbonded
reinforcement resulting in a stiffer post-cracking response of the
specimens.

Development type (truss-like beams) The type of reinforcement
development (internal bonded versus external unbonded) did significantly
impact the ultimate capacity of the truss-like beams, withrtteznally
bonded specimens having a 26-percent lower capacity than externally
unbonded.

Strut type: The strength of the truss-like specimen with external,
unbonded reinforcement with zero for overhang length (Tr-ExU-0) was

about 40-percent higher than the rectangular beams (bonded and
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unbonded reinforcement). This point also discussed in more detail
elsewhere [10].

e Strut angle: The strut angle had a large effect on the strength of
rectangular beams, with larger strut angles having higherxcitgp The
strut angle did not have consistent affect on the truss-like spesim

though.
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5.9 Appendix A

The following symbols are used in the paper:

fc' = specified compressive strength of concrete, psi.
€1 = span length, in.

> = overhang length, in.

h = back face height, in.
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Chapter 6: Shear in Discontinuity Region%
*Gary J. Kleir?, Nazanin RezagiDavid Garbéet, and A. Koray Tureyeh
6.1 Abstract

Since its introduction into the ACI 318 code in 2002 [2], the strut-anddibod has been
based on the premise that strength is sufficient if the idealimes model is in equilibrium
with the applied load without exceeding the capacity of struts,armesnodes. However,
in spite of low strut efficiency factors for so-called bo#teped struts, the strut-and-tie
method can be unconservative. Struts are not weaker because thaylewghaped; rather,
the apparent weakness is due to shear failure where strutsaai@gnal tension field.
Accordingly, discontinuity regions designed using the strut-and-tignodeshould be
separately checked for shear strength as dictated by thetlstgrige diagonal tension
field. This paper describes the development of design equations for sthesagth of
discontinuity regions. The design equations consider the effect ontbtadrghear span,
depth, and lightweight concrete. This design procedure is under considéaatidoption

in ACI 318-19.
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6.2 Introduction

The strut-and-tie method was introduced iBtolding Code Requirements for Structural
Concrete(ACI 318) in 2002, although its origins date to the end of the 19th cer®ury [
The ACI 318-02 version of the strut-and-tie method is largely basexd1987 report by
Schlaich et al. [14], which describes procedures for designing stibetaments using a
system of struts and ties connected at nodes. The method is primarily dntenckgions
of the structure where the stress flow is influenced by concedtdatds, corners,
openings, or other discontinuities. Such regions are referred to astdisity regions or
D-regions. Strain distribution in D-regions is highly nonlinear, an@sisemption of plane
sections remaining plane does not apply. The strut-and-tie methgpesialy useful in
D-regions because it allows for designing and detailing of the etnaection and
reinforcement in accordance with a clearly visualized forcll fitbat is in static
equilibrium, rather than relying on past practices or restrictiveirical guidelines.
However, as will be explained in this paper, there are several conodrircansistencies
in the current Code (ACI 318-14 [3]) related to shear strength in D-regions:

» Interior struts (struts not located along an outer edge of a D-regiomtare n
weaker than edge struts because they are “bottle-shaped;” rather, the apparent
weakness arises because interior struts cross a diagonal tension field.

» The strut efficiency factogi,, for interior struts is unconservative because D-

regions can fail in shear, which is not considered in the strut-and-tie method.
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* The shear stress in deep beams is Iimitetl)(éﬁ (y/psi units are used herein;

1,/psi = 0.083vMPa). This limit does not apply to members or D-regions that
do not “qualify” as deep beams, which is inconsistent at best. Furthermore, this
limit is unnecessarily restrictive for D-regions with steeply inclimadrior
struts.

» Size effect/,, is not considered.

* The lightweight concrete factot, is used as a multiplier gff rather than on

Jf!, as itis elsewhere in the Code.
This paper addresses these concerns and inconsistencies based orotreekewant
literature, analysis of published test data, and an experimentabpragyaluating the
influence of diagonal tension on the strength of struts. Code changes are ghfop@sel
318-19 that require an independent check of shear strength based o thfestaar span
to effective depthg,/d. For purposes of this paper, “shear strength” and “shear failure”
relate to failures initiated by diagonal cracking and not strupecession or bearing failure.
The proposed changes are compatible with proposals for new one-wagcetaons [61]

. Size effect and the lightweight concrete factor are incorporatéeé jproposed changes.
6.3 Strength of Struts
6.3.1 Bottle-shaped Struts

ACI 318-14 specifies a strut efficiency factfg, of 0.6 for unreinforced bottle-shaped
struts and 0.75 for reinforced bottle-shaped struts. Bottle-shaped ast&ulscated in a
region where the width of the compressed concrete at mid-lengfle strut can spread

laterally. However, research and testing by Laughery and BJjshows that bottle-
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shaped struts are no weaker than prismatic struts. Referringuie A, prismatic (a) and
two-dimensional bottle-shaped struts (b) exhibited approximately efreaigth, both

averaging about 0.83, which is equivalent to A; of 1.0. Prismatic and two-dimensional
bottle-shaped struts were less than half as strong as three-dinaitsttle-shaped struts

(Figure 6-1(c)).

(a)
Figure 6-1: lllustrations of (a) rectangular prismatic strut, {b)r2ctangular bottle strut, and (c)
3-D rectangular bottle strut. After Laughery and Pujol
In an element like that shown in Figure 6-1(b), stresses spreadlllatbetween the
concentrated load or reaction areas and mid-length of the sthauvihe presence of a
diagonal tension field. However, in deep beams and other D-regionstrése flow is
much more complex, as illustrated in Figure 6-2. Struts betweéoaith@nd reaction cross

through a field of diagonal tension and the stress flow is not bottle-shaped.
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Figure 6-2: Example of stress flow in a deep beam
These observations suggest that strength of deep beams and othemB-isemost often
limited by diagonal tension rather than strut crushing. ACI 318-14 lamdhgsociated
commentary are misleading in that they incorrectly attribotveet 5, values to bottle-
shaped stress flow. For this reason, struts that extend diagonally thineugtetior of D-
regions are referred to hereiniaterior struts rather thahottle-shapedtruts. Struts that

carry compressive force along an edge of D-region are referasbtigestruts.
6.3.2 Strut Strength Coefficients

Reineck and Todisco [62] evaluated the strut strength coeffic@gntsn ACI 318-14
relative to test data in the ACI-DAfStb Database [63] fomtbers without transverse
reinforcement. Tested shear strendfh,;, was compared to the strength calculated in
accordance with the strut-and-tie method in ACI 318Vl4,.. Several test values were
much less than predicted by ACI 318-14 methods throughout the full rangg/df

considered. Based on these findings, Reineck and Todisco recommendgd tibat
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reduced from 0.6 to 0.42.

The findings are shown in Figure 6-3 as a plot/gf;/V,..c versusf,. In this plot, the
calculated shear strength was based on Reineck and Todisco Aler®at which the
depth of the compression zomewas calculated for the load at shear failure. The trendline
indicates thaV,.:/V..c decreases with increasifig For the higher concrete strengths,

the trendline closely foIIowSOO\/E/fC’ (the solid grey line), which is the expected

trendline for failures that are proportionalfg, rather tharf,.
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Figure 6-3: Viest/ Vcac versus'¢ (Veac in accordance with the strut-and-tie method in ACI 318-
14)

This observation strongly indicates that most failures in the JG@RDRfStb database are
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due to diagonal tension (which varies vvj,fﬁ) rather than strut crushing. This finding is
consistent with the failure descriptions in the database and reseperh fram which the

database was developed.
6.3.3 Experimental Study

An experimental study was conducted at Florida International Urtie(SiU) to
investigate the behavior of struts in deep beams. The full expeahstumdy involved the
testing of ten full-scale specimens; the results from founede specimens are discussed
here. Two pairs of rectangular and truss-like specimens weed tesihg the set-up shown

in Figure 6-4. The details of the four specimens are provided in Table 6-1.

Table 6-1: Specimen details and test results

Dimensions Strut f, Failure
Specimen Truss
Type in./(mm) Angle | Kksi Load kips | B
Name Rect.
Ht. |Length | Thick. | deg. | (MPa) (kN)
31.3 96 12 7.44 380
Re-30-Ex | Rect. 30 0.43
(795) | (2438) | (305) (51.3) (1960)
1.51
31.3 96 12 7.37 575
Tr-30-Ex | Truss 30 0.66
(795) | (2438) | (305) (50.8) (2558)
48 96 12 5.63 557
Re-45-Ex | Rect 45 0.58
(1219)| (2438) | (305) (38.8) (2478)
1.29
48 96 12 5.63 717
Tr-45-Ex | Truss 45 0.74
(1219)| (2438) | (305) (38.8) (3189)
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All four specimens were 96 inches (2438 mm) long and 12 inches (304 nuk) thi
Specimens were simply supported and flexurally reinforced witkrmadt high-strength
threaded rods. The length and height of the bearings at each end was 8.5 inches)(216 m
External reinforcement was used to avoid disruption of the bottom naglahrdue to

reinforcement development.

Test
specimen

Support , Support

Roller External Roller
Support Reinforcement Support
Figure 6-4: Schematic of test setup and specimen with supports {teuspdcimen shown)

The first pair consisted of a rectangular and truss-like specimin identical overall
dimensions and concrete compressive strengths of approximately 754 kdP@). The
31.3-inch (795-mm) height of the specimens was selected such tkatuthengle was 30
degrees from horizontal. The shape of the truss-like specimenBi¢see 6-4) precludes
development of diagonal tension across the strut. As such, comparisontafstgibke
specimens to their rectangular counterparts allows for evaluatitwe efffect of diagonal

tension on strut strength. The second pair differed from the firsingavo respects: 1) the
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height was increased to 48 inches (1219 mm) such that the strut asgi \@egrees, and
2) the concrete compressive strength was 5.6 ksi (39 MPa).

Loads were measured using calibrated load cells, vertical despéaat at midspan and
horizontal displacement at supports were measured using linear potgetmand strain
parallel and perpendicular to the strut axis was measured usingesorfaunted vibrating
wire gages.

The specimens were tested to failure. The rectangular spedaiedsn diagonal tension,
while the truss-like specimens failed primarily by crushincghefdoncrete. All specimens
failed suddenly and violently. The cracking pattern for specimen Rex45-shown in
Figure 6-5. At approximately 10 percent of the failure load, a fehanack developed near
midspan (dashed gray line). This crack grew in width and progresseardt the
compression block as additional load was applied. The instant of fadptared from
slow-motion video is shown in the inset image. The primary fail@ekqred line) appears
to initiate at the curved green arrow. Additional secondary crasietageed due to restraint
at the load and reaction areas as the upper corner of the speciated away about the
support. The estimated pattern of secondary cracks is illustregeayi lines in Figure 6-5.

The other rectangular beam specimen, Re-30-EXx, failed in a similawriashi
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0.125x speed

Figure 6-5: Failure crack pattern and image of instant of failure: Spadia-45-Ex
The truss-like specimens failed primarily by crushing of the aedust below the load
area. As load was applied, the struts shortened and the reactionsepiatated, adding
bending stress to the strut compressive stress. Therefore, thérstrgtrsfactorsp , for
the truss-like specimens were less than 1.0 by approximately 25 percent.
The truss-like specimens for the 30 degree and 45 degree steitnargl approximately
50 and 30 percent stronger than their rectangular counterparts, respe@weiscussed
by Van den Hoogen [28], Beeby observed a similar difference betweectangular
specimen and an identical specimen except for a triangular cat-tle bottom of the
specimen. In light of the Laughery and Pujol [9] findings previouslyudsed, the reduced
strength of rectangular specimens appears to be due to diagoral tatiser than a bottle-

shaped stress field.
6.4 Shear Strength of D-Regions

The research described above indicates D-regions can fail inb&fese the strut crushes.

This section explores the factors that influence shear strength ofdhseg
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6.4.1 Shear Span

Consider the full-story transfer girder illustrated in Figure 6-6 hadshear stresses along
line a-a. Such a girder might be used at an offset in the column grid. The fehee is

carried by a direct strut between the bottom of the top column and tthye dfottom

column. In taller buildings, shear stresses can substantiallydaﬂteeo\/f limitin ACI

318-14.

I R peppp——— N -

Figure 6-6: Transfer girder at an offset in the column grid
Zsutty [64] reported on the inverse relationship between sheartbtigmdy, /d ratio. He

recommended a multiplier &£.5/(a,/d) to account for the effect of shear span. This
expression timeE\/Ebwd gives the following expression for shear strength of D-regions:

_5Jf/b,d

=Y c W Equation 6-1
© (a/d)

Figure 6-7 is a plot of shear stress at failurey&i. The data are from the Joint ACI-

DAfStb Database [63, p.] for members without transverse reinfawcery,/d ratios of 2.0
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or less. At very lowa,,/d ratios, the shear strength substantially exceeds the current 10
\/ﬁ limit. The shallowest allowable strut angle of 25 degrees sjorels to an,/d ratio
of about 2 and a shear stress limi2d,/f/. The gray line shows the shear stress given by

expressed in terms ojﬁ All data points are near or above the line, indicating that
Equation 6-1 provides a conservative lower bound to the shear strengtlegibbsrin the

Joint ACI-DAfStb database, even if strut crushing controlled.

30 2.5
@ Rho: 0% to 1%
25 @ Rho: 1% to 2%
2.0
$ @ Rho: 2% to 3%
° 7 ® Rho:>3%
— - —
o 20 5/(a/d) S
S s t
Q)
S A
15 N
1.0
10
0.5
5
0 0.0
0.0 0.5 1.0 1.5 2.0 25
a,/d

Figure 6-7: Shear stresswus ratio of shear span to effective depttida
6.4.2 Size Effect and Lightweight Concrete Factors

Equation 6-1 does not consider reductions in shear strength due #ffecteor reduced

mechanical properties of lightweight concrete, although both of flaesers would be
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expected to reduce shear strength as governed by diagonal tensioneH dtwese factors
are not especially important for the comparison shown in Figureegduse the Joint ACI-
DAfStb Database primarily includes relatively small spems fabricated with normal-
weight concrete.

For more than a decade, Joint ACI-ASCE Committee 445 and ACbS8ubittee 318-E
have recognized that size effect can significantly reduceskiear strength of deep
members without transverse reinforcement, such as footings and thick one-waystabs
sectional design equations for both one-way and two-way shaagtbtreill include a size
effect factor in 318-19. The size effect factar, under consideration at the time of writing

is as follows:

As=1.4//1+d/10 < 1.0
whered is in inches (the metric equivalentlisl/\/m, whered is in mm).
Also, because the basis of the proposed design equation is diagonal teedightweight
concrete factord, should be considered to account for the lower tensile-to-compressive
strength ratio of lightweight concrete compared with normal-weight cancret
Including size effect and the reduced tensile-to-compressiengstr properties of

lightweight concrete, Equation 6-1 becomes:

_ 5AA/fibyd

¢ (a,/d) Equation 6-2
6.4.3 Reinforcement Ratio

The data in Figure 6-7 are sorted by ranges of reinforcemtmt Az can be seen, for a

givena,/d ratio, shear stress at failure generally increases agtieasing reinforcement
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ratio. At the time of writing, the one-way shear design proposialg considered for ACI
318-19 recognizes the relationship between reinforcement ratio aardsstemgth, as well
as size effect and the lightweight concrete factor. For reesnbvithout axial force, the

following design equation is under consideration:

Ve = 8145(pw) 3 fI byd .
Equation 6-3
wherep,, = ratio of flexural tension reinforcement areajal, andf, is the
concrete compressive strength in. psi

Combining Equation 6-3 with tHa5/(a, /d) shear span modification factor

recommended by Zsutty gives the following equation for shear strengtmegfiins:

_ 20AA5(p) "3/ f! by
. (a/d) Equation 6-4

Tested shear strength for members without transverse reinforcemeny/andss than
2.0 was compared to the shear strength calculated in accordance wit kg tdsted
shear strength exceeds the shear strength predicted by Equation 8-ddta, and

Equation 6-4 appears to capture trends related to reinforcement ratig/anihtio.
6.5 Conclusions and Recommendations
6.5.1 Conclusions

In conclusion, the research, data analysis, and experimental prodgsanbed above have
confirmed that interior struts are not weaker than edge diagsuse they are “bottle-
shaped.” Rather, where interior struts cross a diagonal tensiortliielchember generally

fails by the development of a diagonal tension crack in the shear span rather thisug crus
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of the strut. This study also shows that shear strength ofibaegainly depends on the

a,/d ratio.
6.5.2 Recommendations

Based on these findings, several changes to the ACI codecaremended. The primary
change is to require a separate check of shear strengtheigids using Equation 6-2,
which considersz,/d ratio as well as size effect and the lightweight concfatéor.

Alternatively, shear strength can be based on Equation 6-4, which asmneitdéorcement
ratio in addition to the factors considered by Equation 6-2. Both egsagirovide a

conservative lower bound to the diagonal tension strength of thersedtile allowing

shear stresses that exceed the current Iimithfﬁ for members with very lowa,/d
ratios, like the transfer girder shown in Figure 6-6.

If the shear force in the discontinuity region is resisted byswarse reinforcement,
a,/d in Equation 6-2 or Equation 6-4 can be replaced wdtl®, wheref is the angle
between the strut and longitudinal tie. Because the ACI 318 requirasdlegebetween the
axes of any strut and tie (the transverse reinforcement inabey be at least 25 degrees,

6 cannot exceed 65 degrees and the allowable shear stress ifi¥-regh transverse

reinforcement is in effect limited to abol@AAs/f; .

Although Equation 6-2 and Equation 6-4 are conservative relative to thATHDMATStb
Database, strut strength should be evaluated to avoid compressivasfan areas of
concentrated loads and reactions. However, a strut strength factoir0.75 (the current
value for reinforced struts) can be used for typical intetrotss Equation 6-2 or Equation

6-4 account for the effects of a tension stress field acramsoinstruts; therefore, the 0.6
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B limit for bottle-shaped struts need not be used. Additionally, theatditie method
should still be used to check tie strength and development.

These design recommendations resolve the issues listed in the introductiononadigiti
the recommendations should lead to more economical design of deegdantd thick
slabs because the beneficial effect of lowid ratios counteracts size effect. The sectional
design provisions of ACI 318-19 will require consideration of sizecefifedeep members
without transverse reinforcement. These recommendations do not apgilgdo stress
limits for beam-column joints, which are addressed separately in Chapter 18 81&C

At the time of writing, these changes have been approved byS&idommittee 318-E

and are being considered by the full committee.
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Chapter 7: Summary, Conclusions, and Recommendatien

This chapter includes a summary of the main conclusions of thisrtdisse and

recommendations for future work.
7.1 Summary and Conclusions

The overall goal of the work presented in this dissertation wawéstigate the behavior
of struts and nodes in the strut-and-tie method (STM). The thought @ntwode
provisions is that there are two types of struts (bottle-shaped and fjig)sauad that these
types of struts behave differently. Recent research has shown tleatherdifference in
the behavior of these types of struts when they are verticallytedieThere is an apparent
difference in strength when the struts are placed at an angle, atgjtbeof the strut does
affect the strength.

This research aimed at better understanding the reason vertigaiyed struts behave
differently than inclined struts. The primary work consisted ofetimain components: (1)

experimental testing, (2) numerical study, and (3) design recommendations.
7.1.1 Experimental Testing

The experimental phase included six full-scale concrete deep bedmddifferent
geometries (rectangular and truss-like), strut anglé @ 435), and reinforcement
(externally unbonded bars, internally bonded hooked bars, and internally bondedtbars
welded external plates). The specimens were loaded under gdimedésad setup and
supported with pin-pin supports, vertically. Failure load, deflection, amihstwere
measured, and failure modes were observed and documented during Téstingpacity

of the specimens was calculated based on ACI 318-14 [3] and AASIKFD [19] and
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compared to the experimental capacity. Several conclusions camadee based on the
results of the experimental testing:

1. Truss-like specimens failed at higher loads than mtangular specimens (with
similar angles} The truss-like specimens clearly failed due to crushing of the
concrete in the node under the load point. Failure of the rectangulanspsavas
clearly triggered by the top corner of the specimens breakingcatfsed by
diagonal tension from bending) followed by failure of the support node.

2. Strut with shallower angle was weaker than steepangle The 45-degree truss
specimen was 12-percent stronger than the 30-degree truss spetChmeed5-
degree rectangular specimen was 4-percent stronger than thgrdé-dpecimen.
This was confirmed in the rectangular beams in the numerical study.

The experimental results were then used to calibrate the numericasmodel
7.1.2 Numerical Study

The second phase consisted of a numerical study of concrete deeubegnasnon-linear

finite element software to investigate the capacity and behatiar larger variety of
specimens. After validating numerical models with experimeesllts, 35 specimens

were numerically modeled to expand the study of the behavior of. Speasimen shape
(rectangular and truss-like), reinforcement development typegfstrdiooked, external
unbonded, and internal bonded bars), overhang length (0 inches [0 mm] and 9.5 inches
[241 mm], 18 inches [457 mm], and 40 inches [1,016 mm]), and strut angle (30, 45, and
60 degrees) were the primary variables in the specimens. Saddiabnal conclusions

can be made based on the results of the numerical study:
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3. Shifting reinforcement development away from node &n increase capacity
Development of bonded reinforcement causes tension stresses to dewdlep in
surrounding concrete. Developing reinforcement in the nodal zones was found to
decrease the strength of the node.

4. Internal, bonded reinforcement decreased strengthfdruss-like beams but not
rectangular beam Truss-like beams with internally bonded reinforcement had
26-percent lower capacity than externally unbonded beams. The stoéngih
rectangular beams was not heavily impacted by the type of reenferd. This
shows that the bonded reinforcement does introduce tension in the nodal zone
(decreasing the strength of the truss-like beams), but that thendiatension
caused by bending in the rectangular beams still controls failinese results
suggest that the tension effect from development and diagonal téosmpending
are not additive and separate design checks are appropriate éasromosed in

this work).
7.1.3 Design Recommendations

Based on the experimental investigation in this research and prevmus, several
changes were recommended to the ACI 318 Building Code. These chaa@pesed on
the following conclusions:
5. Diagonal tension decreases strength of rectangulddeams The observations
from this research and previous studies confirm that rectangalarstfail at lower
loads than truss-like beams not because bottle-shaped struts dmer Wem

prismatic struts, but because beam bending causes diagonal tensiba in t
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rectangular beams. Because this tension occurs outside of nodal zeeestade
check (apart from typical node stress checks) is appropriate.

6. Shear span-to-depth ratio has a significant effean shear strength The shear-
span-to-depth ratica(d) impacts the strut angle, which changes the influence the
diagonal tension has on the strut behavior. This factor was included in the
recommended equation.

The following equation (Equation 7-1), is recommended to limit ther Stiesngth of the
member. This equation is an additional check to ensure the diagonahtanai member
does not control. This equation depends on the shear span-to-depth matedfesiz and

the light weight concrete factor.

_ M Equation 7-1
(a,/d)

where (defined in ACI 318-14 [3]):

a, = shear span, equal to distance from center of concentrated load ito @jhe
face of support for continuous or cantilevered members, or (b) center of
support for simply supported members.

bw = web width or diameter of a circular member

d = distance from extreme compression fiber to centroid of longituidinsion
reinforcement

fc = specified compressive strength of concrete

4= modification factor to reflect the reduced mechanical progertie
lightweight concrete relative to normalweight concrete of thmesa

compressive strength
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and where:

As = size effect factor
Fordin inches: As=14/\J14+d/10< 1.0 Equation 7-2
Ford in mm: As=14/J1+d/254 <1.0 Equation 7-3

An alternate equation (Equation 7-4) is also proposed to also considenphet of

reinforcement ratio on the shear strength.

Vo= ZOAAS(Pw)l/gx/Ebwd Equation 7-4
¢ (a,/d)
7.2 Recommendations for Future Work

The following items should be considered for future work:

» Additional experimental tests should be done with additional strut sarigle
investigate the exact relationship of strut angle and ultimapaaity of the
specimens.

» All the specimens in this program did not have shear reinforcement. phaetiof
the presence of minimum shear reinforcement on the above observatiorts shoul
also be investigated.

* Additional experimental testing should be done with different bonded and
unbonded reinforcement to confirm the findings from the numerical etibttss

research.
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Appendix A: Loading Setup Drawings and Details
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Appendix B: Sample Calculations for Estimating theSpecimen Strength using the

Strut-and-Tie Method

B.1 Overview

This appendix provides sample calculations for @inde specimens (Re-45-Ex) tested in
the experimental program, shown in Figure B-1. @$temated capacity is calculated using

the strut-and-tie method (STM) as specified in 8C8-14 (2014) and the 2016 AASHTO

LRFD Bridge Design Specification (2016).

Figure B-1: Re-45-Ex specimen

Beam Re-45-Exvas designed as a companion specimen to Tr-45-Exvastigate the
service and ultimate load behavior of unreinfordegp beams. The dimensions for Re-
45-Ex and the dimensions of the loading and sugdpeatings are shown in Figure B-2.
The shear-span-to-depth rat@d) was equal to 1.0, which corresponds to a strgtean

(¢s) of 45 degrees. The beam was designed to beieuffig large to adequately represent
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the shear behavior of beams in practice and to tievdesired failure mode.

I VAR

(note bearings are same
width as beam) 48"

d = 43.75"
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(a)
Figure B-2: Dimensions for Re-45-Ex: (a) elevatand (b) cross-section
The material properties used to find the estimatguhcity are shown in Table B.1. The
concrete deep beams were designed with a speoificrete compressive strength)(of
4 ksi and a specified yield strengthy) (for the unbonded reinforcement 100 ksi. The

concrete compressive strength measured on thefdestimg was used in the calculations.

Table B.1: Material properties used in STM caltiales

Variable Value used in calculations
f'c (measured) 5.63 ksi
fy (specified) 100 ksi

The load required to fail different components strait-and-tie model can be found using

STM. These loads were compared with the actualrfaibad and failure mode to evaluate
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the conservatism of the design provisions. Thesgpavisons are discussed in more detalil

in Chapter 4.
B.2 Strut-and-Tie Model

The first step in STM is to develop a suitable tstnud-tie model. The model for these
beams involves a direct strut from load to suppod a tension tie equilibrating the forces

at the support points, as shown in Figure B-3.

P
i
D p-=Q C -=m-mm=mmmmmmeooss 4"
A oEN
. 8.5 N
a \
a \
a RN 37"
,° .\.
Q/. \.
— o \
{ Ad.ﬂ 6 = 43.1 \05_}_"_

o
1= )

87.5"

Figure B-3: Strut-and-tie model used for Re-45-Ex
The location of nodes C and D was based on thénheigthe rectangular stress block,
shown in Equation B-1. These nodes are assumed tochted at the mid-height of the
compression block.

Ay, (775in®)(100 ksi) - |
¢ = 0857 b,  (085)(5.63ksi)(12") Equation B-1

The height of nodes A and B and the tension tieig\®cated at mid-height of the back

support plates. The distance between the top amdnbmotes was then found to be:
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Distance between top a hg 13.5" 85"

and bottom nodes: h=gmpy =4 === =37

The distance between nodes A and B is taken adisbtence from center to center of the

supports:

Distance between
Node A and Node B:

96" — 2 (8 ) = 87.5"
) =87
The distance between nodes C and D is found basdddeooad distribution of the load

plate, as shown in Figure B-4.

A
N /

e
M o
N,

> —>
8.5" 4.25"

A
4

Figure B-4: Distance between nodes C and D foAR&x
The relationship between the element forces ithallstruts and ties and the applied load
(P) can be determined from this kinematic model. Tdrees in each element as a factor
of P are shown in Table B.2. These forces were tostéad estimated failure loads required
to fail each element in the below calculations.sTiwas used to determine the predicted

failure modes in the following sections.
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Table B.2: Element forces for Re-45-Ex

Element Element Force

Strut AD 0.7®%

Strut BC 0.7®

Strut CD 0.5%

Tie AB 0.5
Bearing C and D 0]53
Bearing A and B 0B

B.3 Overview of ACI 318-14 Provisions

The capacity of the section was found using thevalstrut-and-tie model and the STM
provisions from several different design codes sjpekifications.

The ACI 318-14 Building Code (2014) has separasggmechecks for the strength of struts,
ties, and nodes. The reduced design strendihs {or struts,@Fnn for nodes, an@Fn: for
ties) must be greater than the factored elemeneffis for struts,Fun for nodes, anéFu
for ties) for struts, ties, and nodes, as showadoation B-2 through Equation B-4 from

ACIl 318-14 §23.3.1.

PFps = Fys Equation B-2
PFne = Fur Equation B-3
$Fun = Fun Equation B-4

The strength of the struts and nodes is dependetiteoarea of concrete at the interface
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between the struts and nodégs(for struts andAn; for nodes) and the effective concrete
strength of the elementd.d. Relationships for these design strengths arevishio

Equation B-5 through Equation B-8.

B Equation B-5
Fos = feeAcs Eqgn. (23.4.1a)

, Equation B-6

fee = 0.850f ¢ Egn. (23.4.3)
B Equation B-7

Fan = feeAnz Eqgn. (23.9.1)
Equation B-8

fee = 0.858,f" Eqgn. (23.9.2)

The effective concrete strengfie) for struts and nodes is dependent on the staific@nt
(Bs) and node coefficienpf), respectively, and the concrete compressive gingfic). The
strut coefficient §s) depends on the geometry and location of a sRatevant to this
testing, struts with uniform cross-sectional ar@asg their length have a strut coefficient
of 1.0, and struts located in regions where steesae spread along the strut length without
the minimum strut reinforcement have a strut cogdfit of 0.6.. The truss-like specimens
have a uniform area along the length, so the stefficient is equal to 1.0. The rectangular
specimens allow stress to spread along the stigtieso the strut coefficient is 0.6 (with
A equal to 1.0 for normal-weight concrete).

The node coefficientff) depends on the number of ties that are anchotedthe node.
Relevant to this testing, the node coefficientgaad to 1.0 for nodes with no ties and 0.8
for nodal zones anchoring one tie. The specimeits éternal unbonded reinforcement
had no ties anchoring in the nodal zones, so tlie moefficient was taken as 1.0. The

specimens with internal bonded reinforcement hadt@nanchoring in the nodal zone, so
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the node coefficient was taken as 0.8.

Ties must be designed to have sufficient reinformanto resist the tension force found in
the strut-and-tie model. The strength of non-pessied ties can be found using Equation
B-9, whereAs is the total area of the tie reinforcement. Tles tivere designed to not
control the design of the specimens in this testing

Equation B-9
Foe = Agsfy Modified Egn. (23.7.2)

These were some of the factors that were the fo€uhkis testing program. There are
several other resources with a more comprehensplamation of the ACI 318-14 STM

procedures [16],[17].

B.4 Calculations for Re-45-Ex Using ACI 318-14

This section includes the calculations to deterntiwecapacity of each of the components
of the strut-and-tie model. The components thaevekecked include:
1. Node A and B: compression capacity of back face, bearing fand,strut-to-node
interface
2. Node C and D: compression capacity of back face, bearing fand,strut-to-node
interface
3. TieAB: sufficient reinforcement provided so tensiondieé not control
All the nodes in this member were CCC nodes, seffeetive concrete strength could be
calculated the same for all nodes. The bearingbaic#t faces are only dependent on the
node efficiency factorf). The strut-to-node interface requires checkirg dhpacity of

both the strut and the node. Since the strut v@lehits minimum area at the strut-to-node
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interface, the strength of both strut and nodebsachecked by taking the minimum of the
node and strut efficiency factors. In this case,dtnut efficiency factor) is less than the

node efficiency factor. For the truss-like bearhg, node efficiency factor will control.

For nodal bounded by struts, bearing areas, or (0ethCCC nodes): Bn =10

For bearing face: feep = 0.850,f'c = 0.85(1.0)f'. = 0.85f', (“b” = bearing)

For back face: frox = 0.85B,f'c = 0.85(1.0)f', = 0.85f", ('k fazcgg"c"
For struts located in regions of members wherenildéh of strut at B, = 0.6
S - .

midlength is greater than at ends and without mimmreinforcement:

For strut-to-node

interface: fees = min[0.85B5f,0.85B,f'.] (‘s” = strut-to-node interface)

fres = min[0.85(0.64)f"¢, 0.85(1.0)f".]

Wherel = 1.0 for normal
weight concrete

fres = 0.85(0.6)f'. = 0.51f",

These effective concrete strengths are used fthhelollowing calculations.

Note that no strength reduction factors were usédis example. The goal was to compare
the estimated capacity with the actual capacitye &stimated capacity does not include

the strength reduction factor.
B.4.1 Load Node (Nodes C and D)

The nodes located under the loading plate are Q& nodes, as shown in Figure B-5.
The capacity of nodes C and D are equal since lhgg the same geometry, materials,

and demand.
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Figure B-5: Nodes under the load plate (Nodes C¥nd
Calculations are provided for determining the c#paaf the bearing face, back face, and

strut-to-node interface for Node D.
B.4.1.1Bearing Face

The bearing face of Node D is the surface wherdaae was applied. Because the load
equally distributes to Strut AD and BC, the lengthhe bearing face is half of the overall
length of the load plate, as shown in Figure B-4.
lb = 17"/2 = 8.5"
The bearing area can then be found by taking émgth times the width of the bearing,
which in this case was equal to the beam width.
Bearing area: Apzp = byly = (12in.)(8.5in.) = 102 in?
This area can then be used with the effective @etrength to find the capacity of the

bearing face of Node D.
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Effective concrete strength: feep = 0.850,f"¢
Bn = 1.0 for bearing face in CCC node
Measured compressive strength: f'c = 5.63 ksi

feep = 0.85(1.0)(5.63 ksi) = 4.79 ksi

Capacity: Fanp = feepAnzp = (4.79 ksi)(102 in*) = 488.6 kips
The load required to fail the bearing face of N@leould then be found based on the

element forces from Table B.2.

Demand: Fynp = 0.5P
The load required to fail the bearing face of N@&s then found by setting the demand

equal to the capacity and solving far

an,b = Fun,b = OSP

Load required to fall Fonp 4886k

bearing face of Node D: Panp = 05 0.5

= 977.2 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.4.1.2Back Face

The back face of Node D is the portion of the nbdelering Node C, as shown in Figure
B-5. The height of the back face is equal to thethlef the compression block)(found
above:

_ Ay (7.75n*)(100 ksi) 135 Visforload
~ 0.85f'.b, (0.85)(5.63ksi)(12") node

h =a

149



This height is multiplied by the width of the bewyj which in this case is equal to the beam

width.

Back face area: Az = byhy = (12 in.)(13.5 in.) = 161.9 in?

The area can then be used with the effective ctasteength to find the capacity of the

back face of Node D.

Effective concrete strength: feex = 0.858,f"¢

Brn = 1.0 for back face in CCC node
Measured compressive strength: f'c = 5.63 ksi

feex = 0.85(1.0)(5.63 ksi) = 4.79 ksi

Capacity: Frnk = feexAnzx = (4.79 ksi)(161.9 in?) = 775.2 kips
The load required to fail the back face of Nodedn then be found similar to above.
Demand: Fynr = 0.53P
Fpnk = Funx = 0.53P

Load required to fail back Fonge 7752k

face of Node D: Prn e = 053 053

= 1,463 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.4.1.3Strut to Node Interface

Strut-to-node interface is the face of the nodé ¢banects the node to the strut, shown in
Figure B-5. The length of the strut-to-node integfdvs) depends on the bearing length

(In), back face heightg), and the strut angléd).

wg =l sin O + hy, cos 6,
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wg = (8.5")sin(43.1°) + (13.5") cos(43.1°) = 15.7"
The strut-to-node interface area can then be fdyrtaking this length times the width of
the bearing, which in this case is equal to therbeadth.
Strut to node _ _ , N .
interface area: Anzst = bywg = (12in.)(15.7 in.) = 187.9 in

This area can then be used with the effective eetrength to find the capacity of the

strut-to-node interface of Node D.

Effective concrete strength: fees = 0.858,f".
B = 0.6 for strut to node interface in CCC node
Measured compressive strength: f'c =5.63 ksi
fres = 0.85(0.6)(5.63 ksi) = 2.87 ksi

Capacity: Fins = frosAnzs = (2.87 ksi)(187.9 in?) = 539.8 kips

The load required to fail the strut-to-node integf@f Node D can then be found similar to

above.
Demand: Ens = 0.73P
Eons = Fyns = 0.73P
Load required to fail strut- Fins 5398k

to-node interface of Node D:  frns = 073 073 739.5 kips

This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.4.2 Reaction Nodes

The nodes above the reactions are both CCC nodeshawvn in Figure B-6 (a). The

capacity of nodes A and B are equal since they lla@esame geometry, materials, and
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demand.
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Figure B-6: Reaction node (Nodes A and B): (agfa&nd (b) dimensions
Calculations are provided for determining the cégaaf the bearing face, back face, and

strut-to-node interface for Node A.
B.4.2.1Bearing Face

The bearing face of Node A is the surface where¢hetion plate is located. The length
of the bearing was chosen as 8.5 inches for thgreshown in Figure B-6 (b).
[, =8.5"
The bearing area can then be found by taking émgth times the width of the bearing,
which in this case was equal to the beam width.
Bearing area: Apzp = byly = (12in.)(8.5in.) = 102 in?
This area can then be used with the effective etaastrength to find the capacity of the

bearing face of Node A.

Effective concrete strength: feep = 0.850,f"¢
Bn = 1.0 for bearing face in CCC node

Measured compressive strength: f'c = 5.63 ksi
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feep = 0.85(1.0)(5.63 ksi) = 4.79 ksi
Capacity: Funp = feepAnzp = (4.79 ksi)(102 in*) = 488.6 kips
The load required to fail the bearing face of N@dean then be found similar to above.
Demand: Fynp = 0.5P
Fonp = Funp = 0.5P

Load required to fail Fonp 4886k

bearing face of Node A: Prnp = 05 0.5

= 977.2 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.4.2.2Back Face

The height of the back face in reaction nodes pgcally equal to twice of the distance
from the tension surface of the beam to the ceshtodi the tension steel. Unbonded
reinforcement attached to a node beam and plataigexsin this specimen, so the height
of the back face was taken as the same as thetloditite node plate, 8.5 inches.

hy, = 8.5" “r" is for reaction node
This height is multiplied by the width of the bewyj which in this case is equal to the beam
width, to find the area.

Back face area: Apy i = byl = (12in.)(8.5 in.) = 102 in?

The area can then be used with the effective ctasteength to find the capacity of the

back face of Node A.

Effective concrete strength: feex = 0.858,f"¢

Brn = 1.0 for back face in CCC node
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Measured compressive strength: f'c = 5.63 ksi
frer = 0.85(1.0)(5.63 ksi) = 4.79 ksi
Capacity: Funk = feexAnzi = (4.79 ksi)(102 in?) = 488.4 kips
The load required to fail the back face of Nodeaf then be found similar to above.
Demand: Fynr = 0.53P
Fpnk = Funx = 0.53P

Load required to fail back p _ Fune 4884k
face of Node A: nmk = 353 " (.53

= 921.5 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.4.2.3Strut-to-Node Interface

Strut-to-node interface is the face of the nodé ¢banects the node to the strut, shown in
Figure B-6. The length of the strut-to-node integfdvs) depends on the bearing length
(In), back face heightg), and the strut angléd).

“r" is for

Wsr = Lp $in 05 + hy; cos O reaction node

Ws, = (8.5") sin(43.1°) + (8.5") cos(43.1°) = 12.0"
The strut-to-node interface area can then be fdyrtaking this length times the width of
the bearing, which in this case is equal to therbeadth.
Strut to node _ _ . N L .
interface area: Apzsr = byws = (12in.)(12.0 in.) = 144.2 in

This area can then be used with the effective @etrength to find the capacity of the

strut-to-node interface of Node A.

Effective concrete strength: fees = 0.85B8,f".
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B = 0.6 for strut to node interface in CCC node
Measured compressive strength: f'c =5.63 ksi
fres = 0.85(0.6)(5.63 ksi) = 2.87 ksi

Capacity: Fans = feesAnzsr = (2.87 ksi)(144.2 in*) = 414.2 kips

The load required to fail the strut-to-node integf@f Node D can then be found similar to

above.
Demand: Ens = 0.73P
Fpns = Fyns = 0.73P
Load required to fail strut- Fons 4142k

to-node interface of Node A:  fnns = 073 073 567.7 kips

This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.4.3 Tension Steel

Eight 1.25-inch diameter threaded rods were praligeresist tension forces in Tie AB.

The total area of steel provided and yield stremjtine steel were:

A = 8(0.969 in?) = 7.75 in?

f, = 100 ksi

This gives a total tie capacity of:

Capacity: Fue = Aesfy = (7.752 in?)(100 ksi) = 775.2 kips
The load required to fail Tie AB can then be fowndilar to above.

Demand: F,; = 0.53P
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Fnt = Fut = 0.53P

Load required to fail strut- _ Fu 7752k
to-node interface of Node D: Pre = 053 0.53

This load will be compared with the loads requitedail the other faces of the other

= 1,463 kips

elements to determine which controls the capacity.

B.4.4 Summary of Results

The applied loads to cause failure in each difiecemponent of the strut-and-tie model

are summarized in Table B.3.

Table B.3: Summary of loads required to causerfaiin different componenet of strut-and-tie

model
Element Force to Cause Failure
Load Node — Bearing Face 977 kips
Load Node — Back Face 1,463 kips
Load Node — Strut-to-Node Interface 740 Kips
Support Node — Bearing Face 977 Kkips
Support Node — Back Face 922 kips
Support Node — Strut-to-Node Interface 568 kips
Tie AB 1,463 kips

The minimum of these forces controls the desigme. Sthut-to-node interface of the support
node (Nodes A and B) has the minimum force (568)kiwhich is the estimated capacity
for specimen Re-45-Ex. The estimated capacity lher rest of the specimens in the

experimental program are summarized in Table 4.3.
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B.5 Overview of AASHTO LRFD 2016 Provisions

AASHTO LRFD 2016 requires that the reduced destggngth ¢Pn) be greater than the

factored element forcé>() for ties and node faces, as shown in Equatio® B-1

Equation B-10
Eqgn. (5.8.2.3-1)

Unlike ACI 318-14, AASHTO LRFD 2016 does not reguithe capacity of struts be

¢Pn 2 PT‘

checked, only the node faces, shown in Equatiod BFthe node face capacity is dependent
on the limiting compressive stress of the node fageand the effective cross-sectional

area of the node facéd).

B Equation B-11
Py = feuAcn Eqn. (5.8.2.5.1-1)

The limiting compressive stress of the node fégg depends on the type of node (CCC,
CCT, or CTT), presence of minimum crack controhfeicement, the face where the
nominal resistance is being found (bearing facek lbface, or strut-to-node interface), the
compressive strength of the concrdte),(and any confinement effects from surrounding

concrete (accounted for througtf), as shown in Equation B-12.

B , Equation B-12
feu =mvf'c Eqn. (5.8.2.5.3a-1)

Note that unlike ACI 318-14, AASHTO LRFD (2016) dosot account for the effect of
stresses being able to spread along the lengtinu$ ®r not being able to in members
with constant cross-sectional areas along the theafgstruts.

Benefits from confinement are accounted for whenkibaring area?q) is smaller than
the notional areal6, defined in AASHTO) and uniform loading is applieg using

Equation B-13.
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n= s Couston 215
The concrete efficiency factov)(depends on the type of node (CCC, CCT, or CThe, t
face where the nominal resistance is being fouedr{bg face, back face, or strut-to-node
interface), the presence of minimum strut reinforeat, and the compressive strength of

the concretef(c). For beams with minimum crack control reinforcemehe concrete

efficiency factorsy) are summarized in Table B.4.

Table B.4: Concrete efficiency factor (v), if minimm crack-control reinforcement is provided

Face
Node _
Type Bearing Back Strut-to-Node Interface
Face Face
CCC 0.85 0.85 0.45 < 0.85 — Je - < 0.65
20ksi
CCT 0.7 0.7 0.45 < 0.85 — Je - < 0.65
20ksi
CTT 0.45 < 0.85 — fe < 0.65
- 20ksi —

For beams without minimum crack control reinforcemehe concrete efficiency factor

(v) is equal to 0.45.

B.6 Calculations for Re-45-Ex Using AASHTO LRFD 2016

This section includes the calculations to deterntivwecapacity of each of the components
of the strut-and-tie model using the STM provisictm®ASHTO LRFD 2016. As stated

above, all the nodes in this member were CCC nate€sno minimum crack control
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reinforcement was provided, so the effective caecsgrength could be calculated the same
for all nodes. The loading plate was the same wadtthe specimens, so no confinement

benefits were achievedi(equals 1.0).

Bearing width equal to beam width: m=1.0

Beams without minimum crack

control reinforcement: v =045

For all faces: feu = mvf'. = (1.0)(0.45)f'. = 0.45f,

This effective concrete strength was used forhalfollowing calculations.
Note that no strength reduction factors were usé¢kis example. The goal was to compare
the estimated capacity with the actual capacitye @btimated capacity does not include

the strength reduction factor.
B.6.1 Load Node (Nodes C and D)

The nodes located under the loading plate are GG nodes, as shown in Figure B-5.
The capacity of nodes C and D are equal sincedtie the same geometry, materials, and
demand. Calculations are provided for determiniregdapacity of the bearing face, back

face, and strut-to-node interface for Node D.
B.6.1.1Bearing Face

The bearing face of Node D is the surface whereldhd is applied. Because the load
equally distributes to Strut AD and BC, the lengthhe bearing face is half of the overall

length of the load plate, as shown in Figure B-5.

lb — 17"/2 — 8.5"
The bearing area can then be found by taking émgth times the width of the bearing,
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which in this case was equal to the beam width.
Bearing area: Apzp = byly = (12in.)(8.5in.) = 102 in?
This area can then be used with the effective aacstrength (from above) to find the

capacity of the bearing face of Node D.

Effective concrete strength: few = 04517, (from above)
Measured compressive strength: f'c =5.63 ksi
feuw = 0.45(5.63 ksi) = 2.53 ksi
Capacity: Fanp = feulnzp = (2.53 ksi)(102 in?) = 258.7 kips
The load required to fail the bearing face of Ndean then be found similar to above.
Demand: Fynp = 0.5P
Fonp = Funp = 0.5P

Load required to fail back Fonp 2587k

face of Node D: Panp = 05 05

= 517.4 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.6.1.2Back Face

The back face of Node D is the portion of the nbdelering Node C, as shown in Figure
B-5. The height of the back face is equal to thethief the compression block)(found

above:

_ Ay (7.75n*)(100 ksi) 135 Visforload
~ 0.85f'.b, (0.85)(5.63ksi)(12") node

This height is multiplied by the width of the bewyj which in this case is equal to the beam

h =a

width.
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Back face area: Az = byhy = (12 in.)(13.5 in.) = 161.9 in?

The area can then be used with the effective ctsteength to find the capacity of the

back face of Node D.

Effective concrete strength: few = 0.45f", (from above)
Measured compressive strength: f'c = 5.63 ksi
feuw = 0.45(5.63 ksi) = 2.53 ksi
Capacity: Funk = fruBnzx = (2.53 ksi)(162 in?) = 410.4 kips
The load required to fail the back face of Nodedn then be found similar to above.
Demand: Fynr = 0.53P
Fonk = Funx = 0.53P

Load required to fail back Fone 4104k

face of Node D: Prn e = 053 053

= 774.3 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.6.1.3Strut-to-Node Interface

Strut-to-node interface is the face of the nodé ¢banects the node to the strut, shown in
Figure B-5. The length of the strut-to-node integfdnvs) depends on the bearing length

(In), back face heightg), and the strut angléd).

wg =l sin O + hy, cos 6,

wg = (8.5")sin(43.1°) + (13.5") cos(43.1°) = 15.7"

The strut-to-node interface area can then be fdyrtaking this length times the width of

the bearing, which in this case is equal to therbeadth.
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Strut to node
interface area:
This area can then be used with the effective @etrength to find the capacity of the

Apy s = bywg = (12 in.)(15.7 in.) = 187.9 in®

strut-to-node interface of Node D.

Effective concrete strength: few = 04517, (from above)
Measured compressive strength: f'c =5.63 ksi
feuw = 0.45(5.63 ksi) = 2.53 ksi

Capacity: Fons = feulnzst = (2.53 ksi)(187.9 in?) = 475.4 kips

The load required to fail the strut-to-node irked of Node D can then be found similar

to above.
Demand: Ens = 0.73P
Fons = Fyns = 0.73P
Load required to fail strut- Fons 4754k

to-node interface of Node D: ~ frns =473 = 973 — 0°1.2 kips

This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.6.2 Reaction Nodes (Nodes A and B)

The nodes above the reactions are both CCC nodeshavn in Figure B-6 (a). The
capacity of nodes A and B are equal since they lla@esame geometry, materials, and
demand. Calculations are provided for determitinggcapacity of the bearing face, back

face, and strut-to-node interface for Node A.
B.6.2.1Bearing Face

The bearing face of Node A is the surface wheradhetion plate is located. The length
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of the bearing was chosen as 8.5 inches for thgmeshown in Figure B-6 (b).
[, =8.5"
The bearing area can then be found by taking émgth times the width of the bearing,
which in this case was equal to the beam width.
Bearing area: Apzp = byly = (12in.)(8.5in.) = 102 in?
This area can then be used with the effective @etrength to find the capacity of the

bearing face of Node A.

Effective concrete strength: few = 04517, (from above)
Measured compressive strength: f'c = 5.63 ksi
feuw = 0.45(5.63 ksi) = 2.53 ksi
Capacity: Fanp = feulnzp = (2.53 ksi)(102 in?) = 258.7 kips
The load required to fail the bearing face of NAddean then be found similar to above.
Demand: Fynp = 0.5P
Fonp = Funp = 0.5P

Load required to fail Fonp 2587k

bearing face of Node A: Prnp = 05 0.5

= 517.4 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.

B.6.2.2Back Face

The height of the back face in reaction nodes pgcaly equal to twice of the distance
from the tension surface of the beam to the ceshtodi the tension steel. Unbonded

reinforcement attached to a node beam and plateiseabin this specimen, so the height
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of the back face was taken as the same as thetloéitite node plate, 8.5 inches.

hy, = 8.5" “r" is for reaction node
This height is multiplied by the width of the bewyj which in this case is equal to the beam
width, to find the area.

Back face area: Apz i = byl = (12in.)(8.5 in.) = 102 in?

The area can then be used with the effective ctasteength to find the capacity of the
back face of Node A.

Effective concrete strength: few = 0.45f7, (from above)
Measured compressive strength: f'c = 5.63 ksi
feuw = 0.45(5.63 ksi) = 2.53 ksi
Capacity: Funk = feulnzx = (2.53 ksi)(102 in?) = 258.6 kips
The load required to fail the back face of Nodeaf then be found similar to above.
Demand: Fynr = 0.53P
Fpnk = Funx = 0.53P

Load required to fail back Fone  258.6k

face of Node A: Prn e = 053 053

= 487.9 kips
This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.6.2.3Strut-to-Node Interface

Strut-to-node interface is the face of the nodé ¢banects the node to the strut, shown in
Figure B-6. The length of the strut-to-node integfdvs) depends on the bearing length
(In), back face heightg), and the strut angléd).

“r" is for

Wsr = bp sin b + hy cos O reaction node
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Ws, = (8.5") sin(43.1°) + (8.5") cos(43.1°) = 12.0"
The strut-to-node interface area can then be fdyrtaking this length times the width of
the bearing, which in this case is equal to therbeadth.
Strut to node

interface area:
This area can then be used with the effective @etrength to find the capacity of the

Apysr = byws = (12in.)(12.0 in.) = 144.2 in?

strut-to-node interface of Node A.

Effective concrete strength: few = 04517, (from above)
Measured compressive strength: f'c =5.63 ksi
fou = 0.45(1.0)(5.63 ksi) = 2.53 ksi

Capacity: Fons = feulnzsr = (2.53 ksi)(144.2 in?) = 365.6 kips

The load required to fail the strut-to-node inteegf@f Node D can then be found similar to

above.
Demand: Fns =0.73P
Fpns = Fyns = 0.73P
Load required to fail strut- Fins 365.6k

to-node interface of Node A:  fnns = 073 073 500.8 kips

This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.6.3 Tension Steel

Eight 1.25-inch diameter threaded rods were praligderesist tension forces in Tie AB.

The total area of steel provided and yield stremjtine steel were:

A = 8(0.969 in?) = 7.75 in?
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fy = 100 ksi
This gives a total tie capacity of:

The load required to fail Tie AB can then be fowndilar to above.

Demand: F,; = 0.53P
Fnt = Fut = 0.53P

Load required to fail strut- P Foe 7752k 1463 ki
to-node interface of Node D: n~—p53 053 tps

This load will be compared with the loads requitedail the other faces of the other

elements to determine which controls the capacity.
B.6.4 Summary of Results

The applied loads to cause failure in each difiecemponent of the strut-and-tie model

are summarized in Table B.3.

Table B.5: Summary of loads required to causefaiin different componenet of strut-and-tie

model
Element Force to Cause Failure
Load Node — Bearing Face 517 kips
Load Node — Back Face 774 Kips
Load Node — Strut-to-Node Interface 651 Kkips
Support Node — Bearing Face 517 kips
Support Node — Back Face 488 kips
Support Node — Strut-to-Node Interface 501 kips
Tie AB 1,463 kips

166



The minimum of these forces controls the desige. Gdrck face of the support node (Nodes
A and B) has the minimum force (488 kips), whiclthe estimated capacity for specimen
Re-45-Ex. The estimated capacity for the rest®tfecimens in the experimental program

are summarized in Table 4.3.
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Appendix C: Campbell Scientific Basics
C.1 Overview

As mentioned in Chapter 3, a new data acquisity@tesn was assembled as part of this
research. The data acquisition system was usedllericdata from all different types of
sensors (e.g. load cells, linear potentiometerainstjages, vibrating wire gages, etc.). The
data acquisition system works by collecting reasliof voltage, current, resistance, or
pulse output signals and then converting theseloato, strain, length, etc.

The data acquisition system assembled for thisareBeconsisted of equipment from

Campbell Scientificl{ttps://www.campbellsci.con/This equipment was chosen because

of its flexibility for use. The system developedhdae used for short-term or long-term
monitoring in a laboratory or field setting.

This section includes a brief overview of the haaidsvand software that are part of the data
acquisition system. The section also includesusibns for how to set up a basic system
using the equipment. Much of this information wasamed during a week-long training

session by Campbell Scientific.
C.2 Description of Hardware

The data acquisition hardware consisted of theofotlg different components from
Campbell Scientific:

» CR6 Measurement and Control Datalogger: This is a datalogger that is

compatible with their Campbell Distributed Modul@¥M) series measurement

and control peripherals. This series allows foryeasstomization of the data

acquisition system by connecting the needed peagihasing ethernet cables.
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 CDM-VW305: This is an interface that connects with up gheVWGs and allows
for dynamic reading of the VWG sensor. Previou®riiaices only allowed for
measurement rates of around 1 Hz. This interfdowvalfor dynamic measurement
rates of 20 to 333 Hz.

« CDM-A116: This is a multiplexer interface that allows 8 differential inputs
and four excitation channels.

These components will be described in more detdhis section.
C.2.1 CR6 — Measurement and Control Datalogger

The CR6 datalogger is the principal part of a detguisition system. It is a precision
instrument designed for demanding environments lamdpower applications. CPU,
analog and digital measurements, analog and digitgbuts, and memory usage are
controlled by the operating system, the on-boadtlk;l and the CRBasic application
program, which should be written by users. Theiappbn program is written in CRBasic,
a programming language that includes measurematat pdocessing, and analysis routines
and a standard. To make this program more userdisie BASIC instruction set, Short
Cut, option can be used to write programs for mhagic measurement and control
applications. For more complicated programs, CRBE&ditor should be written. The CR6

with detail of wiring panel is shown in Figure C-1.
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U Terminals
Analog Input ~ Switched Voltage

Analog Output TTL RS-232
Pulse Counting SDI-12, SDM,

Digital I/'O SPI, 12C (Earth Ground)/ (Status LED)
Spectrum-Analysis Vibrating Wire

Signal Ground SEXEELN S

Ethernet

Power Ground campeeLL ‘ MicroSD

Measurement and

— et Control Datalogger a Memory Card

Switched 12V it e USB

lgcriphcral/ : O
ensor T

Power :

12V Out C Terminals CPI/CDM CS10
Peripheral/| | Pulse Counting SDI-12, SDM Measurement || Communication
Sensor Digital I/O SPI, 12C Peripherals Peripherals
Power Switched Voltage True RS-232

TTL RS-232 RS-485

Figure C-1: CR6 with detail of wiring panel

The CR6 requires a power supply. Charger is pravidigh the equipment. Battery is also

can be connected to the CR6. Both charger andrpate be connected to the CR6 at the

same time. When connecting power, first switch t# power supply, then make the

connection before switching the supply on.

The CR6 is fully operable with power from 10 to\léc applied to the BAT terminals, or

16 to 32 Vdc applied to the CHG terminals. Botls stconnectors are found on the green

power plug in the upper right portion of the fa¢eh@ wiring panel. Some functions, such

as programming, the setting of settings, and analegsurement, are provided when 5 Vdc

is supplied through the USB connection betweemitlueo-B USB port and a PC. Below

is the steps toward measuring and collecting détative CR6:

» Attaching a sensor to the datalogger
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» Creating a program for the CR6 to measure the senso
* Making a simple measurement

» Storing measurement data

» Collecting data from the CR6 with a PC

* Viewing real-time and historical data from the CR6
C.2.1.1Voltage and Current Excitation

Several terminals and terminal configurations aipled on the CR6 to supply
switched voltage to peripherals, sensors, or cbdgwices. Some of them are described
herein:

» Voltage Excitation (switched-analog output): U terais are provided for
excitation output, supply precise voltage in thegeof +2500 mV.

» Current Excitation (switched-analog output): U terats are provided for
excitation output, supply precise current in thegeaof £2.0 mA.

» Switched 12 Vdc: SW12 terminals, which is a primbattery and it controls to

switch external devices.

C.2.1.2Grounding Terminals

Proper grounding lends stability and protectioa tiata acquisition system. It is

the easiest and least expensive insurance agaitastags. The ground termials are signal
ground, power ground, resistive ground, and eanhbrgl.

Other ports on the CR6 are different kind of comioation ports for different use. For

more information refer terww.campbellsci.com
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C.2.2 CDM-VW305 - Dynamic Vibrating Wire Gage Interface

Vibrating-wire sensors are commonly used in geatmeh or structural monitoring
applications to measure strain, load, tilt, indiioa, temperature, pressure, extension, and
crack movement. Data are stored on a Campbelh®atedatalogger, which is normally
used to control the system in field installatio®NI-VW 305 (eight channels) is designed

to connect vibrating wire sensors. This instrumeshown in Figure C-2 (a).
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| Analog Input
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Excitation
Terminals

Switched 5 V

Power Ground

1 Signal Ground

Switched 12 V
. 12V Out
COMM
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® CDM-VW305
| COMM
Status LED
uUsB
= ol USB

(a)

Figure C-2: (a) CDM-VW 305 and (b) CDM-A116
C.2.3 CDM-A116 — 16 Channel Multiplexer

The CDM-A116 is a Campbell Distributed Modules (CBMor analog measurements. It

has 16 analog input terminals to a datalogger nmeasant system, and 120 CDMs can be
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connected to a single datalogger. This instrungeshown in Figure C-2 (a).

C.3 Description of Software

As mentioned, a CRBasic program must be writtenl@aded into the CR6 to read sensors
measurements, and store data. Short Cut is anteasg wizard option used to write
simple CRBasic programs without the need to lehenGRBasic programming language.
Short Cut is an easy-to-use wizard that steps lymugh the program building process.
After the CRBasic program is written (by using St@ut or CRBasic option), it is loaded
onto the CR6. The instruments require sufficiemtetifor measurements to be made, data

to be stored, and data to be retrieved to a PC.

C.4 Basic Setup

Here is the basic setup to connect the CR6 to PC.

C.4.1 Hardware Setup

As mentioned before, connect the charger or battegs to the CR6 and then plug them

in. Then connect the USB port to PC with the caldiech is provided in the CR6 package.

C.4.2 Software Setup

The software which is used specifically for CampBeientific equipment is LoggerNet.

The program is provided with the equipment and khba install on the computer.

C.5 Steps for Setting Up Simple System

After installing the software, click on the Progra®hort Cuticon. The icon resembles a
clock face. When th8hort Cutwindow is shown, clicNew Program In theDatalogger

Model drop-down list, seledER6. In theScan Interval box, enterl and selec6econds
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in the drop-down list box. Then Clidkext in the bottom of the pagélote that the first
time Short Cutis run, a prompt will appear asking for a choicaohoise rejection. Select
60 Hzfor the United States and areas using 60 Hz aag®ltSelecb0 Hz for most of
Europe and areas that operate at 50 Hz. Thent$alé#Bridge for defining a load cell
and input the information to the software. Add Halidge for a linear potentiometer and

repeat the input step. This page is shown in FiQu8e

@ Short Cut (CR6 Series) Ch\Campbellsc\SCWin\untitled.scw Scan Interval = 1.0000 Seconds | = | =] |-
File Program Tools Help

Available Sensors and Devices Selected
P = |
rogress 4.3 Sensors - Sensor Measurement
1. New/Open -5 genenc Measurements 4 CR6
2, Datalogger | | | | 7 4-20 mA Input :

-1 Differential Voltage “ Qefault Battv
d-Beusors -t ] Full Bridge i PTemp_C
4. Qutputs -1 Full Bridge, 6 Wire |=
coFmen (W 1 s _] Half Bridge

-1 Half Bridge, 3 Wire

----- |1 Half Bridge, 4 Wire ]

Wiring -1 Period Average = | =
Wiring Diagram | | i | 7 1 Pulse
i -1 Pulse (Low Level AC)
Wengdext M L ] Resistance

-] SDI-12 Sensor

----- _] Single-Ended Voltage

-] Vibrating Wire (with no th

----- _] Vibrating Wire (with therm =

' i | (3
CR6 Series =
Eait
[ Ra 1s| The Full Bridge measurement applies an excitation voltage and

[m] »
1
&

makes a voltage measurement of the bridge output. Optionally, it
then reverses the polarity of the excitation voltage and makes

ia i1») another measurement (e.g., excites first with +1000 millivolts then
with -1000 millivolts). The voltage measurements are differential —

W

| 4 Previous | | Next b | | Finish | | Help

Figure C-3: Sensors and devices window in Loggeds#tvare
Then, input the information of the sensors to thiénsare.
After adding all your sensors in the software, gan find how to wire the sensors in wiring

diagram, in the right side of the window, as shawRigure C-4.
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-
@ Short Cut (CR6 Series) C:\Campbellsci\SCWin\untitled.scw Scan Interval = 1.0000 Seconds | = = DY
File Program Tools Help
CR6 Series \
Progress
1. New/Open CR6 Series Wiring Diagram for untitled.scw  (Wiring details can be found in the help file.)
2. Datalogger
FullBr - FullBR CR6 Series
3. Sensors
Aot Shield —4— (Ground)
' . AP Ground =L (Ground)
5. Finish High U1 "
Low u2
Wiring Excite uz
R g HalfBr - HalfBr CR6 Series
Wiring Text Ground =L (Ground)
Shield —;— (Ground)
Signal U4
Excite us
\ o’

Figure C-4: Wiring diagram in LoggerNet software
Based on the wiring diagram recommended in thengiidiagram, connect the sensors to
the CR6. Then cliclOutputs option to define storing the measurements. Inwhnlow,
select all your sensors. Based on the number obunements in one second, average,
minimum, maximum, sample, or standard deviation loarselected for the data. Then,
click Finish (SeeFigure C-5. The software asks where to save the program en th

computer. Select the folder and save the program.
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@ Short Cut (CR6 Series) C:\Campbellsci\SCWin\untitied.scw  Scan Interval = 1.0000 Seconds [t | (S [I.S8

File Program Tools Help

- Selected Sensors Selected Outputs
rOgress Sensor lMeasur...l [ Average ] Table Name [—Tablel
1. New/Open 4 CR6 =

Store Every [1 Minutes %

[ Tpccard
[]sc115 €s 1/0-to-USB Flash Memory Drit

2. Datalogger Default
3. Sensors PTemp_C

4. Outputs FullBr
5. Finish HalfBr

Sensor asurem: ‘ocessir tputLa Units
|pefault]attv | Averag Rl volts |

MEing Total || pefault PTemp, Averag PTemp. Deg C
WENig DEgeeH Wwindvector | Fuller FullBR Averag FullBR_ mV/V
Wiring Text

HalfBr HalfBr Averag HalfBr_ mv/mVv

j\; Table1 ,{; Table2 /

[ Add Table J [Delete Table] | Edit '
R | B —

R —————————————

["] Advanced outputs (all tables)

Figure C-5: Output window in LoggerNet software
After saving the program, the software should shiogvwindow shown in Figure C-6.

Click Yes and send the program to the CRE6.
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@ Short Cut (CR6 Series) C:\Campbellsci\SCWin\untitled.scw Scan Interval = 1.0000 Seconds | = = P

File Program Tools Help

Results |'Summary ] Advanced}

Progress
1. New/Open Short Cut File _ A A A _
Your Short Cut program settings have been saved in: C:\Campbellsci\SCWin\untitled.scw
2. Datalogger
3. Sensors Datalogger Program Successfully Generated!
4. outputs The following datalogger program has been created: C:\Campbellsci\SCWin\untitled.CR6
5. Finish Use PC200W, PC400, LoggerNet, RTDAQ, or VisualWeather to transmit C:\Campbellsci\SCW
Or, you can send the program to the datalogger now. | Send Program
.- ( B
Mg Confirm X

Wiring Diagram

Wiring Text | The program was created successfully.
Do you wish to send the program to a datalogger?

Yes H No J

Print

Next [ Finish | | Help

Figure C-6: Finish window in LoggerNet software
Before connecting the CR6 to the program, in thtepfith of LoggerNet software, Select
Utilities > Device Config Utility. This option is the most versatile configurati@olt
Define the CR6 to the software. Make sure in comoation port select the port which
includes CR6. DevConfig Help guides you throughnamtion and use. The simplest
connection is to, connect a USB cable from the agerpJSB port to the USB port on the
CR®6. This step is shown in Figure C-7. After defmthe equipment, make sure to close

this window to go back toonnectitem.
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) Device Configuration Utility 2.08 o | @ |
Eile Backup Options Help
Devica Typs CR6 | Send 0S | vW Offline Analysis
K CR6 Measurement and Control Datalogger
CR10X-PB
CR200 Series In order to configure the CR6, power must be supplied to the datalogger. This can be done by
CR23X-PB hooking up power (+12V DC) to the -BAT+ terminals. In addition, power can be supplied over a

USB connection although the datalogger will not be fully functional with only this power source
(some measurements and communications require more power than USB is able to provide)
CR510-PB You must connect a USB cable between one of your computer's USB ports and the USB port on
_ the datalogger. If this is the first time this connection has been made, you may have to install
the USB driver

CR3000

CR800 Series
CRVW Series Once the power and USB connections have been made, select the appropriate
@ Datalogger (Other) Communication Port to the left and click on the Connect button. Note that, for USB
connections, baud rate is irrelevant.
@ Datalogging Sensor

[

& Network Peripheral
@ Peripheral 1
Phone Modem
@ Radio
5| caneoscs
- Bsacesss

M Camnnmn. 2
Communication Port
com1

Use JP Connection

PakBus Encryption Key

If the datalogger's 10/100 Ethernet port is connected to your network, you can also connect

Baud Rate to the datalogger using TCP/IP. In order to do this, click on the Use IP Connection check
9600 ¥ box to the left and enter the IP address or domain name of the datalogger in the

Communication Port entry to the left. If you don't know either of these, clicking on the . ..
browse button to the left will present a list of dataloggers that have been identified on your local

area network i

Figure C-7: Device Configuration Utility (DevConjig
After closing the previous page, click on tdain andConnectitems. ClickConnecttab
in top right corner of the window to connect defin@R6 to the coftware. Then, cli@end
New tab to choose the program that is already matieeiprevious steps, and see the data
from Table Monitor column. Note that for calibrating sensors in tloftveare, click
Datalogger > Calibration Wizard option, as shown in . Select all the sensorssheatild
be calibrated and clickalibrate in the next page. Then, clidgknish and go back to the

Connectscreen to read the results.
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Connect Screen: Please select a station.

File Edit View |Datalogger| Help

‘4 Send Program...
Connect Retrieve Program...

Associate Program..

Stations File Control...

Station Status...
Terminal Emulator...
Calibration Wizard...
Settings Editor...

Update Table Definitions

Manually Set Datalogger Clock

["] List Alphabetically

~ibv | 0 00:00:00

<

Stop

File Control Num Display Graphs Ports gFlags
ssive Monitoring (Proc  Clocks
Show Units Adjusted Server Date/Time
Value Station Date/Time
Check Set
Pause Clock Update
Current Program
»
Send New... Retrieve...

00mO0ls =

= =

Figure C-8: Connect screen in LoggerNet software

Next chapter provides the CRBasic program, writigriNazanin Rezaei, to connect the

sensors and read the data presented in Chaptehi4 dissertation.
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Appendix D: Campbell Scientific Program in Loggerne

Below is the program written to be able to haverdselts from sensors.

'‘Demonstrate how to use CardOut, DataEvent, andlitatval to conserve data storage
wisely

'Program to measure Geokon 4000 strain gages dgabiyni

‘Originally program was created for 100Hz measuren) Hz data (average) from one
CDM-VW300 device (8 VW Strain)

'100Hz measurement, 10 Hz data (average) from @M-8116 device (4 load, 2
potentiometer, 2 string pots, 2 pressure transglucer

'12/6/2016 We are modifying the program to run@tHz

‘Constants to for CPI Usage

Const CPI_ADDR =5 'VW305 CPI address #5

Const CPI2_ADDR =10 'CDM-A116 CPI addresss #10

"This Variable is required for the CPISpeed Indinrc

Public CPI_Baud=250

'‘Constants specific to the Geokon 4000 strain gages

Const GageFactor = 4.062 'G = 4.062 - Gage faat@m from sensor manual
Const NomBatchFactor = 0.97 'B=0.97 - Batch Factken from calibration sheet

provided with sensors

'‘Output will be in Strain, not Digits nor Frequency

Public VW _Strain(8) : Units VW_Strain() = MicrosirdMeasured strain output in units
of Microstrain

Public Freql1(8): Units Freql() = Hz

Public Digits(8)

Public DigitsBaseL(8)

'Public Therm1(8)

'Public ThermBaseL(8)
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Public DCode(8) As Long 'Dynamic diagnostic code

Public Static_Freq(8) : Units Static_Freq() = Hat (1Hz) strain reading in frequency
Public StaticDigits(8) 'Calculated Static (1Hz) @sgoutput (for troubleshooting)
Public StaticStrain(8) : Units StaticStrain() = Mistrain'Calculated Frequency (1Hz)

from static digits (for troubleshooting)

Public Temp(8) : Units Temp() = DegC ' TemperaiarBegCPublic TempBL(8) : Units
TempBL() = DegC ' Temperature Baseline in DegC

Public FreqStdDev(8) : Units FreqStdDev() = Fragnye 'StdDev of dynamic strain
readings in frequency

Public ZeroMode 'Mode variable for baseline/offaetoing calibration
'Variables for A116

Public FullBR(6)

Alias FullBR(1) = LoadCell_1

Alias FullBR(2) = LoadCell_2

Alias FullBR(3) = LoadCell_3

Alias FullBR(4) = LoadCell_4

Alias FullBR(5) = PressureTransducer_1
Alias FullBR(6) = PressureTransducer_2
Public LC_1

Public LC_2

Public LC 3

Public LC 4

Public PT_1

Public PT_2

Public LC
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Public FCLoaded

Public Mult_2(6)={1,1,1,1,1,1}
Public Offs_2(6)={0,0,0,0,0,0}
Public CMult_2(6)={1,1,1,1,1,1}
Public COffs_2(6)={0,0,0,0,0,0}
Public CKnown_2(6)

Public CReps_2

Public ZMode_2

Public MOMode 2

Public Cindex_2

Public CAvg_2

Public LCount_2

Public HalfBr(4)

Public CKnown_3(4)

Public Mult_3(4)={1,1,1,1}
Public Offs_3(4)={0,0,0,0}
Public CMult_3(4)={1,1,1,1}
Public COff_3(4)={0,0,0,0}
Public CReps_3

Public ZMode_3

Public MOMode_3

Public Cindex_3

Public CAvg_3

Public LCount_3

Public HBr_1

Public HBr_2

Public HBr_3

Public HBr_4

Units FullBR=mV/V_EXxcitation
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Units HalfBr=V/V_Excitation
Units LC_1=Kips
Units LC_2=Kips
Units LC_3=Kips
Units LC_4=Kips
Units LC=Kips
Units PT_1=ksi
Units PT_2=ksi
Units HBr_1=in
Units HBr_2=in
Units HBr_3=in
Units HBr_4=in

Public CDM2PTempC(1)')CDM-A116 variables
Alias CDM2PTempC(1)=CDM2PTempC1

Units CDM2PTempC(1)=Deg C

Public Cindex

Public CAvg

Public CReps

'‘Added by Bill on 12/12/2016
Public StaticDigitsBaseL(8)

'‘Configure the CDM-VW300 device
Dim Enable(8) As Long= { 1, 1, 1,1, 1, 1, 1, 1}

Dim Max_AMP(8) = {0.002, 0.002, 0A®.002, 0.002, 0.002, 0.002, 0.002}
Dim F_Low(8) = { 400, 400, G0 400, 400, 400, 400, 400}
Dim F_High(8) = { 1300, 1300, TB01300, 1300, 1300, 1300, 1300}

'Use Hz"2 (1) instead of Hz (0) so we can get gtsli
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Dim OutForm(8) As Long=  {0,0,0,0,0,0,0,0}

'‘Use a multiplier of 0.001 to divide by 1000 and digits

‘Then scale further to get to Strain

Dim VW_Mult(8) = { 1.0, 1.01.0, 1.0, 1.0, 1.0, 1.0, 1.0}
'Dim Mult(4) =
{0.001*GageFactor*NomBatchFactor,0.001*GageFactariBatchFactor,
0.001*GageFactor*NomBatchFactor, 0.001*GageFactomiBatchFactor} 'Digits
(Hz"2/1000) times G times B results in strain

Dim VW_Off(8) = { 0.0, 0.00.0, 0.0, 0.0, 0.0, 0.0, 0.0}

'Use Steinhart-Hart coefficients To get Thermistotput in DegC

Dim SteinA(8) = {1.4051E-3,1.4051E:31051E-3, 1.4051E-3,1.4051E-
3,1.4051E-3,1.4051E-3, 1.4051E-3}

Dim SteinB(8) = {2.369E-4,2.369E-43@9E-4, 2.369E-4,2.369E-4,2.369E-4,
2.369E-4, 2.369E-4}

Dim SteinC(8) = {1.019E-7, 1.019E17/Q019E-7, 1.019E-7,1.019E-7, 1.019E-
7,1.019E-7, 1.019E-7}

Dim RFMB(8) As Long = { 20, 20,02 20, 20, 20, 20, 20}

Dim RFAB(8) As Long = { 20, 20, 2020, 20, 20, 20, 20}

Dim RFLL(8) = {400.0, 400.0, 4004100.0, 400.0, 400.0, 400.0, 400.0}

Dim RFHL(8) = {4000.0,4000.0,400@.000.0,4000.0,4000.0,4000.0,4000.0}
Dim RFHY(8) = {0.005, 0.005, 05)®.005, 0.005, 0.005, 0.005, 0.005}
Dim RFOF(8) As Long = { 100, 100, 10100, 100, 100, 100, 100}

CDM_VW300Config(1,CPI_ADDR,1,Enable(),Max_AMP(),Fow(),F_High(), _
OutForm(),VW_Mult(),VW_Off(), SteinA(),SteinB(),SiteC(), _
RFMB(),RFAB(),RFLL(),RFHL(),RFHY(),RFOF())

DataTable (static,true,-1)

Datalnterval (0,1,Sec,10)
'‘CardOut (0 ,-1)
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Sample (8,Static_Freq(),IEEE4,False)

Sample (8,StaticDigits(),IEEE4,False)

Sample (8,StaticStrain(),|IEEE4,False)

Sample (8, Temp(),IEEE4,False)
EndTable

DataTable (dynamic,true,-1)
'‘CardOut (0 ,-1)
Datalnterval (0,1,Sec,100)
Average (8,VW_Strain,FP2,False)
Average(6,FullBR(),IEEE4,False)
Average(4,HalfBr(),IEEE4,False)
Average(1,LC_1,IEEE4, False)
Average(1,LC_2,IEEE4, False)
Average(1,LC_3,IEEE4, False)
Average(1,LC_4,IEEE4, False)
Average(1,LC,IEEE4, False)
Average(1,PT_1,IEEE4, False)
Average(1,PT_2,IEEE4, False)
Average(1,HBr_1,IEEE4, False)
Average(1,HBr_2,IEEE4, False)
Average(1,HBr_3,IEEE4, False)
Average(1,HBr_4,IEEE4, False)

EndTable

DataTable(CalHist,NewFieldCal,-1)
'‘CardOut (0 ,-1)
SampleFieldCal

EndTable
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BeginProg
‘Initialize calibration variables for
'‘Generic Full Bridge measurement 'FullBR()' on GIAM16 with CPI address 10
Cindex=1 : CAvg=1 : CReps=6
For LCount 2=1To 6
CMult_2(LCount_2)=Mult_2(LCount_2) : COffs_2(lb@nt_2)=0ffs_2(LCount_2)
Next
'Initialize calibration variables for
'‘Generic Half Bridge measurement 'HalfBr()' on CIA16 with CPI address 10
Cindex_2=1: CAvg _2=1: CReps_2=3
For LCount 3=1To 3
CMult_3(LCount_3)=Mult_3(LCount_3) : COff_3(L@Qat_3)=0ffs_3(LCount_3)
Next
'‘Load the most recent calibration values fromGlaéHist table

FCLoaded=LoadFieldCal(True)'Initialize calibratieariables for

'Set CPI Baud rate

CPISpeed (CPI_Baud)

'Was initially 100 Hz/10msec scan rate

'Scan(10,msec,500,0)

Scan(20,msec,500,0)
CDM_VW300Dynamic(CPI1_ADDR,Freql(),DCode()) 'Getshifted strain
'‘Use Mult/Offset to get to strain from Frequehar DVW
‘Strain_DVW(1) = DVWMult(1)*Freql(1) + DVWOffg€l)
'Strain_DVW(2) = DVWMult(2)*Freql(2) + DVWOff1£2)

Try to do this in the way suggested by ShortGustatic/AVW200, Geokon 4100
‘Calculate digits 'Digits'
Digits(1)=Freq1(1)"2/1000
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Digits(2)=Freq1(2)"2/1000

Digits(3)=Freq1(3)"2/1000

Digits(4)=Freq1(4)"2/1000

Digits(5)=Freq1(5)*2/1000

Digits(6)=Freq1(6)"2/1000

Digits(7)=Freql1(7)"2/1000

Digits(8)=Freq1(8)"2/1000

‘Calculate strain 'Strain'

VW_Strain(1)=(Digits(1)-DigitsBaselL(1))*0.391tnBatchFactor

VW_Strain(2)=(Digits(2)-DigitsBaseL(2))*0.39 1 tnBatchFactor

VW_Strain(3)=(Digits(3)-DigitsBaseL (3))*0.39 1 thnBatchFactor

VW_Strain(4)=(Digits(4)-DigitsBaseL (4))*0.391'tnBatchFactor

VW_Strain(5)=(Digits(5)-DigitsBaseL(5))*0.39 1 tnBatchFactor

VW_Strain(6)=(Digits(6)-DigitsBaseL (6))*0.39 1 tnBatchFactor

VW_Strain(7)=(Digits(7)-DigitsBaseL(7))*0.391'thnBatchFactor

VW_Strain(8)=(Digits(8)-DigitsBaseL(8))*0.39 1 thnBatchFactor

'Zeroing calibration for

'‘Geokon 4100 Series Vibrating Wire Strain Gegleulations 'Digits’ and 'TT'

FieldCal(4,Digits(),8,0,DigitsBaseL(),ZeroMofg,,40)

'FieldCal(4,Therm1(),8,0,ThermBaseL(),ZeroModgE40)

'‘Now shift the given Strain using the Baseldigget value

VW _Strain(1) = VW_Strain(1) + VW_StrainBL(1VVW_Strain(2) = VW_Strain(2) +
VW_StrainBL(2):

VW_Strain(3) = VW_Strain(3) + VW_StrainBL(3VW_Strain(4) = VW_Strain(4) +
VW_StrainBL(4):

'Zeroing calibration for Geokon 4000 Vibratingré/Strain Gage

'Strain offset and Temperature baseline reading

FieldCal(0,vW_Strain(),4,0,VW_StrainBL(),Zerade,0,1,100) 'Calibrate for 2

seconds

' FieldCal(4,Temp(),4,0,TempBL(),ZeroMode,0,Q1L0
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CDM_PanelTemp(CDM_A116,CPI2_ADDR,CDM2PTempC(),15000) 'CDM
Address 10

CDM_BrFull(CDM_A116,10,FullBR(),6,mV5000,1,1,2,506@lse,False,100,30000,CM
ult_2(),COffs_2())

'Zeroing calibration for Generic Full Bridge nsaeement 'FullBR()' on CDM-A116
with CPI address 10

FieldCal(0,FullBR(),CReps_2,0,COffs_2(),ZModg,ZIndex_2,CAvg_2)

"Two Point Multiplier and Offset calibrationrfo

‘Generic Full Bridge measurement 'FullBR()' dMGA116 with CPI address 10

'FieldCal(2,FullBR(),1,CMult_2(),COffs_2(),MOMode CXnown_2(),Cindex_2,CAvg
_2)
'‘Generic Half Bridge measurements 'HalfBr()GIDM-A116 with CPIl address 10

CDM_BrHalf(CDM_A116,10,HalfBr(),4,mV5000,13,X4,4,80,False,100,30000,CMult
_3(),COff_3())

'Zeroing calibration for Generic Generic Halidge measurement 'HalfBr()' on CDM-
A116 with CPIl address 10

FieldCal(0,HalfBr(),CReps_3,0,COff_3(),ZMode0 & Index_3,CAvg_3)

"Two Point Multiplier and Offset calibrationrfo

'‘Generic Half Bridge measurement 'HalfBr()' ddNI-A116 with CPI address 10

'FieldCal(2,HalfBr(),1,CMult_3(),COffs_2(),MOMode GKnown_3(),Cindex_3,CAvg
3)
LC_1=((LoadCell_1*112238)-2020.9)/1000
LC_2=((LoadCell_2*110618)-708.33)/1000
LC_3=((LoadCell_3*107614)-1856.3)/1000
LC_4=((LoadCell_4*110749)-998.09)/1000
LC=LC_1+LC 2+LC 3+LC 4
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PT_1=(PressureTransducer_1-72.21046)*0.1191195
PT_2=(PressureTransducer_2-78.25637)*0.206855
HBr_1=HalfBr(1)*2
HBr_2=(HalfBr(2)-0.0097)*12.82325
HBr_3=(HalfBr(3)-0.004796411)*12.6096635
HBr_4=(HalfBr(4)-0.00769081)*12.6702487

'‘Call Data Tables and Store Data
CallTable dynamic
CallTable CalHist

If Timelntolnterval (0,1,Sec) Then
CDM_VW300sStatic(CPI_ADDR,Static_Freq(), Temp(eqStdDev()) 'Obtain
static frequency
'Zeroing calibration for
'‘Geokon 4100 Series Vibrating Wire Strain &aglculations 'Digits' and 'TT'

FieldCal(4,StaticDigits(),8,0,StaticDigitsdg),ZeroMode,0,1,40)

‘Calculate static digits reading (for troudtieoting)

StaticDigits(1) = Static_Freq(1)*2/1000

StaticDigits(2) = Static_Freq(2)"2/1000

StaticDigits(3) = Static_Freq(3)"2/1000

StaticDigits(4) = Static_Freq(4)*2/1000

StaticDigits(5) = Static_Freq(5)"2/1000

StaticDigits(6) = Static_Freq(6)"2/1000

StaticDigits(7) = Static_Freq(7)*2/1000

StaticDigits(8) = Static_Freq(8)"2/1000

'‘Now shift the given StaticStrain using thiés@t/Baseline reading to obtain
Final/adjusted StaticStrain

StaticStrain(1) = (StaticDigits(1)- StaticgBaseL(1))*0.391*NomBatchFactor :
StaticStrain(2) = (StaticDigits(2)- StaticDigitsE4$2))*0.391*NomBatchFactor

StaticStrain(3) = (StaticDigits(3)- Static2gBaseL(3))*0.391*NomBatchFactor :
StaticStrain(4) = (StaticDigits(4)- StaticDigitsE44))*0.391*NomBatchFactor

StaticStrain(5) = (StaticDigits(5ptaticDigitsBaseL(5))*0.391*NomBatchFactor :
StaticStrain(6) = (StaticDigits(6)- StaticDigitsE4$6))*0.391*NomBatchFactor

StaticStrain(7) = (StaticDigits(7)- StaticgBaseL(7))*0.391*NomBatchFactor :
StaticStrain(8) = (StaticDigits(8)- StaticDigitsE4£8))*0.391*NomBatchFactor

CallTable static
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EndIf
NextScan

EndProg

191



VITA

NAZANIN REZAEI

B.S., Civil Engineering
2005-2009  Arak University
Arak, Iran
M.S., Civil Engineering
2009-2012  |ran University of Science and Technology
Tehran, Iran
PhD, Civil Engineering
Florida International University
2014-2018  \jami, Florida

2018 Outstanding Dissertation Year Fellowship (DYF),rida
International University

2017-2018  president, ACI Student Chapter at FIU
2016-Present Transportation Research Board (Reviewer)
2017-Peresent oAc| Committee 445 (Shear and Torsion), (Member)

PUBLICATIONS AND PRESENTATIONS

Klein. G., Rezaei.N., Garber.D., Tureyen. K., Japua018 “Shear in Discontinuity
Regions” Submitted to concrete International (AGbkcation).

Rezaei.N., Klein. G., Garber.D., January 2018 “S8trength and Failure in Full-Scale
Concrete Deep Beams” Submitted to ACI Structuratidal.

Rezaei.N., Klein. G., Garber.D., January 2018 “éiffef Development and Geometry on
Behavior of Concrete Deep Beams” submitted to Alictural Journal.

Esmaeili. M., Rezaei.N., February 2016 “In-situ bop Testing of a Light-Rail Ballasted
Track with Tire Derived Aggregate Subballast Layeiternational Journal of Pavement
Engineering 17(2).

Esmaeili. M., Rezaei.N., November 2014 “Investigatdf TDA! Effect on Reduction of
Train Induced Vibrations” Journal of Transportati®esearch 10(4), Tehran, Iran.

! Tire Derived Aggregate

192



Rezaei.N., Garber.D., October 2017 “Strut Streagith Failure in Full-Scale Concrete Deep
Beams” Subcommittee 445-A: Strut and Tie Model€] £onvention, Anaheim, CA.

Rezaei.N., Esmaeili. M., December 2012 “Experimestady on the Effect of TDA on

Track Vibrations Reduction” Second Internationahawence on Acoustics and Vibration,
Sharif University of Technology, Tehran, Iran.

193



	Florida International University
	FIU Digital Commons
	6-11-2018

	Study on Strut and Node Behavior in Strut-and-Tie Modeling
	Nazanin Rezaei
	Recommended Citation


	Dissertation_body_v15_UGS modification

