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ABSTRACT
Behavior of Axially Restrained Reinforced Concrete Beams Subjected under High
Sustained Loads

By

Ghazaleh Mehdikhan Laleh
Dr. Ying Tian, Examination Committee Chair, Professor
Department of Civil and Environmental Engineering and Construction
University of Nevada, Las Vegas

Following column failure in a reinforced concrete (RC) frame structure, a progressive
collapse may result if the beams supported by the failed column cannot generate an alternate path
to carry the redistributed gravity loads. Past studies of the collapse resistance of RC frame beams
were limited to their short-time load-carrying capacity. Axially restrained frame beams experience
a compressive arch action as a beneficial load-resisting mechanism not considered in a
conventional structural design. Due to the compressive arch action, the column failure may not
cause an immediate collapse; however, gravity loads still act on the damaged structure, inducing
high sustained stresses in the beams initially supported by the failed column. It is unknown how
the sustained gravity loads would impact the collapse resistance of RC frame beams.
This research aimed to experimentally characterize the time-dependent response of
compressive arch action in axially restrained RC beams subjected to high sustained loads. To
achieve the research goal, six specimens were constructed at a 1/3 scale for cross section and tested
iii

after 267 to 480 days of concrete casting. Detailed test data of five specimens subjected to
sustained loading are presented. Each specimen consisted of two beams and one central column
representing the failed column. Major test variables were sustained load level and beam span-todepth ratio. Two specimens had a span-to-depth ratio of 10.6 and the remaining three had 7.5. The
sustained loads were applied at four levels: 80%, 90%, 95%, and 100% of the predicted short-time
loading capacity under compressive arch action. To explore the effects of previous sustained
loading on the structural behavior of frame beams during the subsequent sustained loading, two
specimens were tested with two levels of sustained load. A test setup was designed and fabricated
to apply both axial and rotational restraints to beam ends and enable the test specimens to be
statically determinate. Depending on deflection increase rate, the sustained loading lasted for 10
to 50 days in specimens that did not fail during the sustained loading. Measurements included
applied load, beam deflections at selected locations, passively developed compressive axial force,
and concrete and rebar strains at the critical sections.
Two specimens failed after carrying the sustained loads for 3 and 65 minutes. The tests
suggested that the sustained loading capacity of RC frame beams with a span-to-depth ratio of 10.6
and 7.5 can be taken as 90% and 95% of the short-time loading capacity under compressive arch
action, respectively. Regardless of span-to-depth ratio, compressive arch action enhanced beam
flexural capacity by at least 161% at the center with a reinforcement ratio of 0.63% and 56% at
the support with a reinforcement ratio of 1.14%. The evolution of Poisson’s ratio of concrete cover
indicated whether the sustained loads were close to the failure loads. Neither the level nor the
duration of sustained loading affected beam residual loading capacity. The research provided
experimental data crucially needed for calibrating mechanical models for system-scale numerical
simulations.
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CHAPTER 1
INTRODUCTION

1.1. DESCRIPTION OF BUILDING PROGRESSIVE COLLAPSE
Progressive collapse is defined as a situation when an initial local structural failure spreads
out and is followed by a partial or total collapse of the structure (Ellingwood and Leyendecker
1978). The structural failure due to progressive collapse is disproportionately larger than the
originally initiated damage, endangering a large number of occupants and causing significant
property loss. Unusual loading conditions, such as explosions, inadequate design, material
deterioration, and overloading, may generate the initial local structural failures but are not
considered in a normal structural design. Additionally, code requirements for a conventional
design are defined at element level to ensure life safety. However progressive collapse is inherently
a system-level incident, caused by severe load distribution, and thus involves highly inelastic
responses of the most impacted structural components.
In 1968, one entire corner of the Ronan Point tower in London progressively collapsed, as
shown in Figure 1.1. The structural system of this 22-story residential building was a combination
of prefabricated flat plates and load-bearing walls. A natural gas explosion, which occurred in the
corner of the 18th floor, imposed abnormal loads to the structure. Destruction of load-bearing walls
left the above flat plates unsupported and initiated consecutive further failures of the adjoining
structural members. However, other reasons such as poor-quality connections between the
structural walls and the flat plates, as well as inadequate structural design, intensified the
propagation of the local structural damage. This widely cited incident killed 4 people and severely
injured 17. In addition, people lost their confidence in living in high-rise residential buildings.
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Since then, building regulations in the U.K. were significantly changed to prevent the reoccurrence
of such a disproportionate collapse.

Figure 1.1 Collapse of Ronan Point tower (Voller 1968).

The progressive collapse of a structure can also be triggered by a terrorist attack. On April
19, 1995, almost half of the Alfred P. Murrah building in Oklahoma City collapsed after the
detonation of a truck bomb near the northern facade of the building. The building had 9 stories
with an ordinary moment RC frame system. The disaster killed 168 people and injured over 680
(Mallonee et al. 1996). In addition, the blast destroyed 324 other buildings within a 16-block
radius. Figure 1.2 shows the building before and after the massive structural failure. The accident
alerted the public the need of increasing survivability of public buildings against potential
progressive collapse. Ever since, incorporating progressive collapse resistance in the design and
construction of new federal buildings became mandatory in the U.S. The studies conducted after
this building collapse resulted in significant design improvement.

2

Figure 1.2 Collapse of Alfred P. Murrah building (Wikipedia 1995).

1.2. COLLAPSE OF REINFORCED CONCRETE BUILDINGS UNDER SUSTAINED LOADS
The progressive collapse of a reinforced concrete (RC) building happens not only due to
quickly applied loads such as blasts or earthquakes. An RC building may gradually lose the load
resistance of one or more critical structural components over time under sustained gravity loads,
implying that the failure is time-dependent. Once failure occurs locally, the sustained gravity loads
initially resisted by the failed members are redistributed to other elements; as a result, some of the
elements may have to carry loads much higher than those assumed in the original design. If the
redistributed sustained loads exceed the actual loading capacity of these elements, a collapse may
happen. The evolution of local damage to a collapse can be a function of time. In other words, the
unusual loading conditions not considered in a normal design may destruct one or more structural
elements, which may ultimately lead to a partial or complete collapse of the structure over time.
Progressive collapse under sustained gravity loads has happened in the U.S. and other
countries. Wardhana and Hadipriono (2003) reported 225 structural failures in the U.S. between
years 1989 and 2000. Of these, 45% were partial or total collapses under sustained gravity loads
and caused by design faults, construction flaws, overloading, or material deterioration. In addition,
Eldukair and Ayyub (1991) reported a total of 604 failures in the U.S. between years 1975 and
3

1989, excluding the collapses due to natural hazards (Eldukair and Ayyub 1991). Note that 86.4%
of the failures occurred in RC structures due to various deficiencies. The failures resulted in 416
deaths and 2515 injuries. In comparison, USGS reported 68 deaths due to earthquakes in the U.S.
since 1990. The data highlight the likelihood of structural failure under sustained loads in the U.S.
where building design and construction have been rigorous.
Hotel New World in Singapore, a 6-story RC frame system, collapsed on March 15, 1986
(Figure 1.3). The collapse trapped 50 people under rubbles, killing 33 of them (Thean et al. 1987).
The tragedy was the nation’s most shocking incident to date of Singapore. Investigation revealed
that the self-weight of the structural components was not considered in the design. Additionally,
the building was overloaded by placing water tank, heaters, and air conditioning systems on the
roof. Tiling added another 50 tons of weight to the building. Cracks on one of the supporting
columns were observed sixteen hours before the collapse, alerting of a possible imminent failure.
Unfortunately, the structural defects were ignored until the building completely collapsed in less
than a minute. Professional inspections during construction and routine maintenance could have
prevented the catastrophe. Since then, more restricted regulations for buildings under construction
were implemented in Singapore to frequently inspect structural faults.

Figure 1.3 Collapse of Hotel New World building (The Straits Times 1986).
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In 1995, the Sampoong Department Store completely collapsed in Seoul, South Korea, as
shown in Figure 1.4. The incident killed 502 people, injured 937 individuals, and destroyed
property worth of $216 million (Park 2012). The disaster is the deadliest building collapse in South
Korean history and a prominent example of time-dependent collapse under sustained gravity loads.
The building employed an RC flat-slab structural system with 5 stories above the ground and 4
below. Punching shear failure at slab-column connections due to under-designed slab thickness
and losing desired position of tensile reinforcement along slab thickness were recognized as the
critical causes of the failure. Overloading the structure by placing heavy air-conditioners on the
roof floor was also reported as a collapse cause. The first batch of cracks appeared at an interior
slab-column connection at the roof level where the roof slab began to sink about 2 months before
the collapse. Both the number and width of the cracks dramatically increased about 10 hours before
the collapse. The risk of an impending collapse was diagnosed by engineers several hours prior to
the collapse. An intense investigation was launched after the collapse, resulting in the requirements
of routine maintenance and regular inspection of in-service structures in South Korea.

Figure 1.4 Collapse of Sampoong Department Store (www.gaurdian.com 2015).
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The nine-story Zumrut apartment building completely collapsed under sustained gravity
loads after four years of service, as shown in Figure 1.5. The initial damage resulted both design
and construction from mistakes. Investigation revealed that the structural members were
constructed with smaller sizes than those specified in the structural drawings. Additionally,
underestimated design loads, together with many questionable design simplifications, were
reported as design mistakes (Kaltakci et al. 2013).

Figure 1.5 Zumrut apartment building before and after collapse (Kaltakci et al. 2013).

One recent example of progressive collapse under sustained loads is the collapse of
Champlain Towers South, a residential condominium building, on June 29, 2021 in Surfside,
Florida (Zenere 2021). This disaster killed 98 people and injured 11. The building was built in
1981 with a 12-story flat-plate structural system. Major structural damage to the concrete slab
below the pool deck was diagnosed and warned in 2018. Then the structural damages expanded
exponentially, and the building eventually experienced a partially collapse in 2021. Even if
investigations are still ongoing, several reasons such as material deterioration particularly due to
corrosion and inadequate maintenance may have contribute to the collapse.
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Figure 1.6 Champlain Towers South condominium building before and after collapse (Torstar 2021).

1.3. ALTERNATE PATH METHOD FOR RESISTING PROGRESSIVE COLLAPSE
The alternate load path method recommended by the U.S. General Services Administration
(GSA 2013) and Department of Defense (DoD 2005) is widely accepted for evaluating the
vulnerability of a structure to progressive collapse after experiencing a local failure. As a threadindependent procedure, this method considers the loss of one or more critical structural
components, usually columns, regardless of the failure causes. The structural robustness against
progressive collapse is examined by whether an alternate load path can be generated to bridge over
the lost structural components so that the evolution of local failures to a large-scale collapse can
be avoided.
The alternate load path method is applicable to various types of structural systems. In RC
frame structures, a chain reaction of failures can be initiated when a column fails. If the force and
deformation demand of an element on the alternate load path exceeds its ultimate capacity,
subsequent failure is definitive; consequently, the failure may spread from an element to other
ones, resulting in a disproportionate collapse. Therefore, to provide an alternate load path and thus
successfully redistribute the loads carried previously by the failed column, the beams supported
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by this column play a prominent role in transferring the load to the surrounding structural elements.
In order to assess the force and deformation demands of the structural elements on the alternate
load path after losing a column, GSA (2013) and DoD (2005) recommended different structural
analysis approaches, including linear static, linear dynamic, nonlinear static, and nonlinear
dynamic procedures.

1.4. RESEARCH MOTIVATION, SCOPE, AND GOAL
1.4.1. Motivation
The research presented in this dissertation was inspired by the high consequences of
building collapse, such as the collapse of the Hotel New World building under sustained loads,
and the lack of knowledge to understand the behavior of RC components under high sustained
stresses. Extensive studies of progressive collapse resistance of building structures were carried
out worldwide in the past two decades, especially after the collapse of the World Trade Center
twin towers in 2001. The results, together with successful design practice, facilitate the ASCE/SEI
Mitigation of Disproportionate Collapse Potential Standard Committee in developing a new design
code to mitigate the risk of progressive collapse.
Most past research on collapse propagation in buildings was built upon the alternate path
method design philosophy. For RC frame structures, the studies conducted either experimentally
or computationally focused on the behavior of beams and floor slabs after losing one or more
columns. It is noteworthy that the studies addressed only the short-time load-carrying capacity
provided by the alternate load path. However, the structural components located on the new load
path after the loss of a column would be subjected to high stresses. These elements may not be
capable of continuously resisting the high stresses over long time needed for evacuations, rescue
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actions, structural safety evaluations, and decision making. In other words, even if the structure
maintains its stability by temporarily generating an alternate load path right after losing a column,
the structure can still collapse over time.
The risk of collapse under high sustained stresses can be demonstrated by a full-scale test
of an RC flat-plate structure conducted by the Defense Threat Reduction Agency (Morrill et al.
2016). As shown in Figure 1.7(a), after instantaneously removing the front center column, an
alternate load path was indeed generated without any failure. However, after four hours, two slabcolumn connections neighboring the removed column failed due to punching shear (Figure 1.7(b)).
At this stage, the entire system was still stable and tolerated the local punching shear failures.
However, overnight the structure collapsed completely (Figure 1.7(c)). The fundamental
knowledge regarding the behavior of RC components subjected to sustained high stresses is still
too limited to predict the time-dependent structural collapses that occurred in this experiment and
the actual buildings described previously.

Figure 1.7 Full-scale test of a flat-plate structure subjected to a column loss (Morrill et al. 2016).
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1.4.2. Scope and Goal
The failure of a supporting column severely impacts the structural behavior of the
neighboring beams and columns. These elements, as highlighted in Figure 1.8, are the first line of
defense against progressive collapse. Note that, even if the column loss occurs only on the first
floor, the loads initially carried by the columns situated directly above the removed column will
be almost completely redistributed to the connected beams and the neighboring columns. In other
words, the columns directly above the removed column carries little axial force and the beams
supported by these columns behave essentially as two-span beams, where the bending moment
distribution is dramatically magnified from that prior to the column loss.

Failed Column

Figure 1.8 Structural components highly affected by column failure in an RC frame.

The research presented in this dissertation was part of a collaborative effort between
University of Nevada, Las Vegas and University of Missouri, Columbia to explore the nearcollapse response of RC frame and flat-plate buildings subjected to sustained gravity loads. The
fundamental research in this study focused on the behavior of the two-span RC frame beams
subjected to high sustained stresses after failure of a column. The overall goal of the research is to
experimentally characterize the time-dependent response of the two-span beams, in terms of their
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long-term deformation and strength, and provide crucial experimental data needed for calibrating
reliable mechanical models for system-scale numerical simulations. Specific research objectives
are presented in Section 2.3.
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CHAPTER 2
PRIOR RESEARCH AND OBJECTIVES

2.1. LOAD-RESISTING MECHANISM OF AXIALLY RESTRAINED RC FRAME BEAMS
2.1.1. General
Extensive studies based on the alternate load-path design concept were conducted in the
past two decades to evaluate the potential of progressive collapses in RC frame systems. In the
conventional design of a RC frame beam, axial force is taken as zero and the limit state for a
flexure-controlled failure mode is defined as the reach of a critical strain at the extreme fibers of
concrete in compression. However, the beams in a frame structure are longitudinally restrained by
the surrounding elements, such as the columns and cast-in-place slabs. An axially restrained RC
beam has a notably higher gravity load-carrying capacity than that assumed in a routine design,
which neglects the beneficial effect of the axial restraints on beam flexural capacity at relatively
small deformations and the loading capacity provided by catenary action at large deformations.
The behaviors of axially restrained RC beams resisting progressive collapse after losing a
column were experimentally examined by testing beam-column substructures (Su et al. 2009;
Sadek et al. 2011; Yu and Tan 2013). Each substructure in the experiments consisted of two beams
and one central column stub used to represent the column after losing its load-carrying capacity.
A downward load was applied at the center column stub to simulate the effect of column failure.
The essentially two-span beam was found to resist gravity loads through three mechanisms,
including flexural, compressive arch, and catenary actions sequentially developed with increasing
beam deflection. Figure 2.1 schematically shows the responses of the load applied at the center
column, as well as the passively developed beam axial force, as a function of specimen center
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deflection. In the initial loading stage, axial compressive force and deflection are low so that the
effect of axial force on beam flexural capacity can be neglected. The beam resistance in this
loading stage is termed as flexural action. Under further loading, flexural cracking and tensile steel
yielding significantly increase not only beam deflection but also compressive axial force. The peak

Vertical Load

load happens when the column moves down about 20% of beam height (0.2h).

Peak Load

≈ 0.2h

≈h

Center Deflection

Axial Force

͌

0.15fc’Ab ≈
Flexural
Action

Compressive Arch Action

m

Catenary
Action

Figure 2.1 Load-resisting mechanisms in axially restrained RC beams.

The development of beam compressive force can be explained as follows. After flexural
cracking, the neutral axis of an RC beam shifts upwards under positive bending and downwards
under negative bending (Rankin and Long 1997), causing tensile deformation along the mid-depth
line throughout beam length. Accordingly, the beam tends to elongate. The yielding of tensile
reinforcement leads to greater beam elongation (Fenwick and Fong 1979). However, in an RC
moment frame, beam elongation is restrained by the neighboring structural components such as
slabs and columns; hence, an axial compressive force develops. Figure 2.2 schematically shows
the compressive force developed in an axially restrained RC beam after losing a column.

13

Figure 2.2 Compressive arch action in an RC frame beam after losing a column (Abbasnia and Mohajeri
Nav 2016).

As shown in Figure 2.1, a compressive force approximately equal to 15% of nominal axial
capacity of the beam can be developed in an axially restrained RC beam. The axial force-moment
interaction diagram for a beam with typical tensile reinforcement ratio in Figure 2.3 shows that
this level of compressive axial force can significantly increase the beam flexural capacity.
Experimental tests revealed that the development of axial compressive force in a longitudinally
restrained beam enhances its flexural strength by as much as 160% (Zerbe and Durrani 1989; Su
et al. 2009). The development of compressive arch action depends on axial restraining rigidity,
flexural reinforcement ratio, and span-to-depth ratio (Su et al. 2009; Taylor et al. 2001; Qian and
Li 2013; Vesali et al. 2013; Wang et al. 2019).

Pn

0.15Pn ≈

Pure
bending
capacity

Increased
bending
capacity

Mn

Figure 2.3 Compressive axial force-bending moment interaction diagram.
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As the loading proceeds, the beam compression force transforms to a tensile force. This
occurs at a deflection approximately equal to beam height, initiating a catenary action that relies
on the tensile axial force in the beam to carry the vertically applied loads (Figure 2.4). In the plastic
hinge regions, the tensile axial force is primarily carried by beam bottom bars. A successful
development of tensile catenary action depends on lateral restraining rigidity as well as flexural
and shear reinforcement detailing (Regan 1975; Hayes et al. 2005; Yu and Tan 2011). The current
ACI-318 code (2019) mandates employing two continuous beam bottom bars passing through
beam-column joints to prevent potential progressive collapse. The experimental studies conducted
by Orton et al. (2009) indicated that, even though the beam bottom bars are continuous through
the removed column, adequate beam rotational ductility is still required for the development of
catenary action in axially restrained RC beams.

Figure 2.4 Schematic view of catenary action in an RC beam (Azim et al. 2020).

2.1.2. Compressive Arch Action
2.1.2.1. Experimental observations about elongation of RC beams without axial restraints
As described in Section 2.1.1, an RC beam tend to elongate after flexural cracking and
yielding of tensile reinforcement. Fenwick and Megget (1993) tested cantilevered beams with a
200-mm width and 500-mm depth using the setup shown in Figure 2.5. In the absence of axial
restraints, the beams were elongated by as much as 2% to 5% of beam depth prior to strength
degradation under reversed cyclic loading. The tests indicated that beam elongation was a function
15

of plastic hinge rotation as well as flexural reinforcement configuration. Additionally, the beams
with a greater area of compressive reinforcement than tensile reinforcement were elongated
slightly more than the symmetrically reinforced beams.

Figure 2.5 Test setup of cantilevered beams under cyclic loading (Fenwick and Megget 1993).

Wang et al. (2019) tested half-scale interior beam-column substructures under cyclic
loading simulating seismic effects. Various levels of axial restraining rigidity, from zero to high,
were applied to the beams. The beams had a width of 250 mm and height of 400 mm. Figure 2.6
shows a test specimen without any axial restraint. The tests showed that, depending on lateral drift
ratio and tensile reinforcement ratio, the unrestrained beams experienced elongations about 2% to
4.5% of beam height.

Figure 2.6 Test of an interior beam-column subassembly (Photo courtesy of Dr. Ying Tian).

16

2.1.2.2. Flexural capacity of axially restrained beams resisting seismic loading
The elongation of RC beams, also termed as beam growth, can be restrained by the
surrounding structural elements such as slabs, walls, and columns in a frame structure. As a result,
compressive axial force develops and increases beam flexural strength through the interaction
between axial force and bending moment, as shown in Figure 2.3. The beam elongation, as well
as the restraining effects on structural behavior, is typically ignored in design codes.
The beneficial effect of axial restraint on the flexural capacity of RC beams under seismic
loading has been investigated experimentally. Kokusho et al. (1988) tested six beams under cyclic
loads following a loading protocol shown in Figure 2.7. Each beam had a 200-mm square crosssection and was 1000-mm long, and axially restrained through a self-restraining assembly.
Reinforcement ratio and axial restraining stiffness were the test variables. The flexural strength of
an axially restrained beam was found to increase by 50 to 100% as compared with the unrestrained
beams; however, the increased flexural capacity led to decrease ductility.

Figure 2.7 Loading protocol for axially restrained beams tested by Kokusho et al. (1988).

Wang et al. (2019) tested the restraining effects on the seismic performance of half-scale
interior beam-column subassemblies. The test setup, shown in Figure 2.8, was designed to permit
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applying axial restraint to beam ends through a self-restraining system. The restraining system
consisted of two steel rods on the front and back sides of a specimen, which were connected to
steel spreader beams at the left and right ends. The test variables included beam flexural
reinforcement ratio and axial restraining rigidity. The tests indicated that the axial restraint
considerably increased both flexural stiffness and strength of the beams. Depending on tensile
reinforcement ratio, the beam flexural capacity increased by 40% to 150% at 3% lateral drift.
Moreover, the axially restrained beams suffered greater extent of concrete damages in the plastic
hinge regions compared to the unrestrained beams shown in Figure 2.6.

Figure 2.8 Test setup of an axially restrained beam-column subassembly (Photo courtesy of Dr. Ying Tian).

2.1.2.3. Flexural capacity of axially restrained beams resisting progressive collapse
Axially restrained RC beams experience flexural cracking and even yielding when they
bridge over a failed column. This causes excessive downward deflection and initiates compressive
arch action, which can enhance beam flexural strength needed to resist progressive collapse.
Tests by Su et al. (2009)
Su et al. (2009) investigated the flexural capacity of twelve reduced-scale axially restrained
RC beams under the column removal scenario. Each specimen consisted of two beams and a center
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column representing the failed interior column of a RC frame. The beam ends were restrained both
longitudinally and rotationally by particularly designed and fabricated steel components, as shown
in Figure 2.9. The out-of-plane deflection of the center column stub was also restrained.

Figure 2.9 Test setup of axially restrained beam-column subassemblies (Su et al. 2009).

Flexural reinforcement ratio, span-to-depth ratio, and loading rate were the test variables.
The effects of flexural reinforcement ratio and span-to-depth ratio were investigated by testing
specimens with a 150-mm width and a 300-mm height. The effect of flexural reinforcement ratio
was investigated through testing symmetrically and unsymmetrically RC beams with a span-todepth ratio ln/h = 4.08, where ln is the clear length of a single beam segment of the test specimen.
The symmetrically reinforced beams had reinforcement ratios ranging from ρ = 0.55% to 1.13%.
The unsymmetrically reinforced beams had ρ = 0.55% to 1.13% for beam top bars and ρ = 0.38%
to 0.75% for the bottom bars. The symmetrically reinforced specimens with ρ = 1.13% and ln/h =
4.08 to 9.08 were tested to investigate the effect of span-to-depth ratio on the loading capacity
under compressive arch action.
To study the effects of loading rate, specimens with a 100-mm width and a 200-mm height
were tested. Because the test was focused on the flexural capacity of axially restrained RC beams,
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transverse reinforcement spacing was chosen to prevent any shear distress. In the quasi-static
loading tests, a downward displacement with a constant loading rate of 5 mm/min (0.2 in./min.)
was applied through a servo-controlled actuator at the center column stub. Loading was applied
until the failure of specimens. The peak load under compressive arch action occurred when the
center column was deflected for 0.14 to 0.34 times of beam height (0.14h ~ 0.34h). The
instantaneous removal of a bearing column was simulated by applying a loading rate of 20 mm/s
(47.2 in./min.) at the center column of the test specimens constructed at a smaller scale.
The tests indicated that, due to compressive arch action, the flexural capacity of axially
restrained RC beams was 50% to 160% greater than that without any axial restraint. Moreover,
lower span-to-depth ratio and lower flexural reinforcement ratio resulted in greater effects of
compressive arch action. The tests of specimens under fast loading showed that compressive arch
action would still be developed even if a supporting column failed instantaneously.

Tests by Yu and Tan (2013)
Yu and Tan (2013) tested six 1/2-scale axially restrained RC beams under interior column
removal scenario. Each test specimen consisted of two short columns at the ends, one middle
column representing the failed column, and two beams, as shown in Figure 2.10. The specimens
were horizontally restrained by a reaction wall at the left side and a steel A-frame on the right side.
In the vertical direction, the end columns were supported by steel rollers. The beams had a width
of 150 mm and a height of 250 mm. Reinforcement ratio and span-to-depth ratio were the test
variables. Three specimens with ρ = 1.24% at the top, ρ = 0.82% at the bottom, and ln/h = 6.2 to
11 were tested to examine the effect of span-to-depth ratio on the structural behavior of RC frame
beams after losing an interior column. Moreover, three specimens with ρ of 0.49% at beam bottom,
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ln/h of 11, but different ρ of 0.73%, 0.94%, and 1.24% at beam top were tested to investigate the
effect of top reinforcement ratio. The effect of bottom reinforcement ratio was investigated by
testing three specimens with ln/h of 11, ρ = 1.24% at the top, and ρ = 0.49%, 0.82%, and 1.24% at
the bottom.

Figure 2.10 Test setup of axially restrained beam-column subassemblies (Yu and Tan 2013).

The specimens were loaded at the center column stub with a loading rate of 0.1 mm/s (0.24
in./min.) until failure. The tests indicated that, with adequate axial and rotational restraints,
compressive arch action developed, increasing beam flexural capacity by 13.5 to 43.2%. The peak
load under compressive arch action occurred when the center column was deflected for 0.18 to
0.46 times of beam height (0.18h ~ 0.46h). Further increase in the center deflection resulted in
catenary action, which provided a loading capacity 28% to 128% greater than the compressive
arch action capacity. To reach the catenary action capacity, the center column had to move
downward for at least two times of beam height (2h).
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Tests by Lew et al. (2014)
The National Institute of Standards and Technology (NIST) conducted experiments to
investigate the collapse resistance of RC and steel frames (Lew et al. 2014), including testing two
full-scale RC beam-column subassemblies. One subassembly represented a portion of an
intermediated moment frame (IMF), whereas the other one represented a portion of a special
moment frame (SMF). Figure 2.11 shows the test setup. The beams in the IMF specimen had a
width of 28 in. and a height of 20 in.; the beam cross-section of SMF specimen was 34-in. wide
and 26-in. deep. The beams of the IMF specimen had a span-to-depth ratio of ln/h = 10.6, a top
reinforcement ratio of ρ = 0.64%, and a bottom reinforcement ratio of ρ = 0.4%. The beams of the
SMF specimen had ln/h = 7.9, ρ = 0.7% at beam top, and ρ = 0.6% at beam bottom.

Figure 2.11 Test setup of a beam-column subassembly (Lew et al. 2014).

At both ends of a specimen, a column cast together with a footing. The columns provided
the axial and rotational restraints to the beams. The footings were clamped down to the strong
floor. A two-roller fixture on the interior and exterior faces of end columns were utilized to restrain
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top of the end columns from horizontal movement. In-plane rotation of the center column, as well
as out-of-plane movement of the specimen, were self-restrained as stated in the literature.
Each specimen was loaded at top of the center column through four hydraulic jacks located
below the strong floor. The load was transferred to the specimen using four post-tensioning rods.
The loading was applied under displacement control at a rate of 1 in./min. until the fracture of
beam tensile longitudinal reinforcement. The peak load under compressive arch action occurred
when the center column was deflected for 0.19 to 0.25 times of the beam height (0.19h ~ 0.25h).
The behavior of both IMF and SMF specimens was dominated by flexure when the vertical
displacement at the center column was small. Then, with increasing center column displacement,
compressive arch action was developed due to restraining beam elongation by the end columns.
As the center column moved downward further, catenary action appeared and dominated the
behavior of the beams. Figure 2.12 shows the test specimen subjected to a large center column
displacement causing the development of catenary action. The IMF and SMF specimens
demonstrated similar damage and failure patterns in terms of major cracking, crushing and spalling
of concrete in compression, and fracture of bottom reinforcement near the center column.

Figure 2.12 Test specimen subjected to large center column displacement (Lew et al. 2014).
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2.2. CREEP IN RC STRUCTURES UNDER SUSTAINED LOADS
2.2.1. Creep of Concrete Materials
In the failure of RC structures under sustained loads, creep as a type of time-dependent
deformation can play a prominent role. Concrete under compressive load experiences an instant
elastic strain, which is reversible upon unloading. Following the instantaneous deformation, if the
load remains constant, concrete would continuously deform over time. The sustained load causes
the absorbed internal moisture to flow out of the cement gel (Gambali and Shanagam 2014; Shah
and Chandra 1970). Most creep deformation occurs during the first days of sustained loading. A
portion of the creep-induced deformation can be recovered after unloading. Figure 2.13 shows the
relationship between strain and time in a concrete material that experiences loading and unloading
at different ages (Larson 2000).

Figure 2.13 Concrete strains over time after loading and unloading (Larson 2000).

As a time-dependent plastic deformation, creep of concrete under sustained high stresses
can lead to a failure. The creep often takes place in three different stages, as shown in Figure 2.14
(Dieter 1988). The primary or initial stage of creep happens with a relatively rapid rate. However,
the creep rate in the secondary stage is almost constant and the lowest creep rate is called steady-
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state creep rate. Tertiary creep stage is the last phase of creep deformation characterized by rapidly
increased creep rate, which eventually causes concrete crushing.

Figure 2.14 Three different stages of concrete creep (Dieter 1988).

2.2.2. Parameters Affecting Concrete Creep
Concrete creep is complex phenomenon because of the many influencing parameters,
including water-cement ratio, size and type of aggregates, ambient temperature, relative humidity,
geometry, age of the concrete at the time of loading, and duration and level of sustained loads
(Ross 1957; Troxell 1958; Bazant 1975; Bazant and Murphy 1996; Iravani and McGregor 1998;
Wei et al. 2016).

Effect of duration and level of sustained loading
Creep is greatly affected by level and duration of sustained stress. Concrete subjected to
sustained load has a lower strength compared to that under a short-term loading (Washa and Fluck
1936). An increased loading duration leads to greater creep deformation and decreased concrete
strength. Figure 2.15 shows sustained stress level versus concrete compressive strain of specimens
built with 5000-psi short-term compressive strength and loaded at an age of 56 days (Rüsch 1960).
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Figure 2.15 Effects of loading duration on concrete strain (Rüsch 1960).

As sustained stress level increases, creep rate grows remarkably, and failure happens in a
shortened time (Troxell 1958). When sustained stress σc is less than 0.4fc' (fc'= short-term concrete
cylinder compressive strength), a linear relationship between stress and creep strain is typically
assumed (ACI Committee 209 2008). At higher sustained stress levels, micro-cracks slowly grow,
resulting in nonlinear creep deflection. Concrete may experience a tertiary creep when σc is greater
than 0.75fc' (Zhou 1992). Failure due to creep mostly happens when σc > 0.85fc' (Figure 2.16).

Figure 2.16 Effects of sustained stress level on concrete strain (Rüsch 1960).
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Effect of volume to surface ratio (V/S)
The size effect on concrete creep is expressed by volume-to-surface (V/S) ratio. A larger
concrete member loses water content in a slower rate compared to the smaller one. Thus, increased
V/S leads to a decreased creep rate (Hansen and Mattock 1966; Cherian and Raj 2014). This is
shown in Figure 2.17 where the creep coefficient is defined as the ratio of creep strain to elastic
strain. The relationship between creep coefficient and V/S-ratio also indicates that a test specimens
subjected to sustained loads cannot be scaled down too much.

Figure 2.17 Variation of creep coefficient with size (Hansen and Mattock 1966).

Effect of mix properties and proportions
Type, size, and grade of aggregates as mixture constituents affect creep deformation.
Grading and shape of aggregates change void content and concrete porosity. Cement paste in a
concrete mixture predominantly affects creep, because under sustained compressive stress the
absorbed water flows out of the cement gel, resulting in micro-cracking (Shah and Chandra 1970).
However, the cement paste is restrained by aggregate. Therefore, using well-graded aggregates
can result in higher aggregate content, lower void content, and lower creep deformation. Moreover,
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aggregate with a higher porosity has a lower modulus of elasticity and thus lower creep resistance
(Neville 1964; Carlos et al. 2010). Similarly, the quality of cement paste affects concrete strength,
and creep is inversely proportional to concrete strength. The influence of concrete mixture
proportions is explained by water-cement and aggregate-cement ratios. In concrete with same
aggregate-cement ratio, creep increases with increased water-cement ratio. In other words, creep
is proportional to aggregate-cement and water-cement ratios. Note that, water content varies at
different ages of concrete; therefore, creep rate reduces over time.

Effect of concrete age
Concrete age at time of applying sustained load (t0) significantly affects creep magnitude.
As shown in Figure 2.18 (Niyogi and Meyers 1973), when t0 < 20 days, creep coefficient is higher
with greater t0; however, when t0 > 20 days, creep coefficient decreases with increasing t0. More
water is available in younger concrete, which results in a possible higher creep coefficient. Because
the magnitude of creep depends on the available evaporable water, and water content decreases
over time, creep coefficient is reduced with increased loading age. In other words, as concrete
ages, the amount of evaporable water decreases, and thus creep coefficient becomes lower.

Figure 2.18 Creep coefficient versus loading age (Niyogi and Meyers 1973).
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Effect of humidity and temperature
Creep increases if ambient relative humidity decreases. Ambient relative humidity affects
concrete creep only if drying takes place while the specimen is under loading (Naville 1959).
Therefore, as concrete ages, creep becomes independent to ambient relative humidity. Figure 2.19
shows how ambient relative humidity affects concrete creep in specimens cured for 28 days and
then loaded and stored at different levels of relative humidity.

Figure 2.19 Effects of ambient humidity on concrete strain (Troxell 1958).

The temperature-induced creep is irreversible. An increase in temperature accelerates bond
breakage and restoration between aggregates and cement paste, thereby increases concrete creep
rate. On the other hand, the chemical process of cement hydration is faster when temperature is
higher. Lower moisture content results in lower creep rate (Baẑant 2004). For young concrete with
high hydration content, temperature increase reduces creep rate, although temperature rise usually
results in an increased creep rate due to accelerated bond breakage. Creep increases when
temperature rises in a range of 0 ֯C to 50 ֯C; out of this temperature range, creep rate may be
independent to temperature (Geymayer 1970).
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2.3. RESEARCH OBJECTIVES
The overall goal of this research is to experimentally characterize the time-dependent
sustained loading response of two-span frame beams generated after failure of a supporting
column. Such structural behavior is still unknown to the structural engineering community. The
behavior of axially restrained beams may be influenced by concrete material properties under
sustained high stresses. However, the actual structural performance is more complex than
uniaxially loaded concrete material due to the complex stress conditions and the interaction
between concrete and steel reinforcement.
As mentioned previously, high sustained stresses (greater than 0.8fc') result in severe
nonlinear creep (εcreep) added to nonlinear instantaneous strain (εins). Failure happens if the total
strain exceeds a limit, which can be defined by a creep rupture envelope (Ruiz et al. 2007; Smadi
et al. 1987). Figure 2.20 shows a typical concrete stress-strain relationship and a creep rupture
envelope. As the figure shows, the total concrete strain approaches to the failure limit if concrete
is subjected to a high sustained stress greater than 0.8fc'.

σc

fc ' ≈

Failure limit
εins

εins

0.8fc ' ≈

0.4fc ' ≈

εcreep
εcreep

εins
εcreep

ε

ε0

εu

Figure 2.20 Stress-strain relationship of concrete and failure limit (based on Hamed and Lai 2016).
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The structural behavior of RC frame beams resisting progressive collapse has been
investigated by conducting short-time or dynamic loading tests (Su et al. 2009; Tian and Sue 2011;
Yu and Tan 2013; Lew et al. 2014; Rashidian et al. 2016). As described in Section 2.1.2.3, in an
axially restrained beam-column subassembly simulating the failure of center column, compressive
axial develops as the column move downwards, leading to compressive arch action that can greatly
enhance beam loading capacity. Note that, following a column failure, the load needed to be carried
by the two-span beam may be lower than the peak loading capacity under compressive arch action
(Fu). Temporarily, the structure is safe; however, the gravity loads redistributed to the two-span
beam will sustain. It is unknown how this two-span beam will behave and whether it will fail under
the sustained load. The concern is illustrated in Figure 2.21, which shows an idealized relationship
between the applied load (F) and center column deflection () derived from the test results of RC
beam-column subassemblies subjected to short-time loading test.

F
Compressive arch action
Fu ≈
0.9Fu ≈
0.8Fu ≈
Failure under
sustained load?

Δ

Figure 2.21 Idealized load-deflection response of axially restrained beams under compressive arch action.

Research hypothesis – This research explores the sustained loading behavior of RC frame
beams resisting collapse through compressive arch action after the failure of a column. It is
hypothesized that the increased strain due to creep of concrete material under sustained high
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stresses may affect the time-dependent behavior of the two-span beam resisting collapse in the
following manners:
(1) When creep happens under sustained loads, the beam flexural stiffness is reduced. The
increased deflection of the softened beams can lead to greater second-order effect
associated with the compressive axial force passively developed in the beam. It follows
that the sustained loading may cause higher bending moment demand in the beams.
(2) On the other hand, creep decreases beam axial stiffness. This in return can cause the
beam compressive axial force to decrease. Consequently, the beam load-carrying
capacity contributed by compressive arch action capacity, may be reduced.

Research objectives – The experimental study presented in this dissertation intends to
answer the following questions related to the sustained loading behavior of RC frame beams under
compressive arch action:


What is the time-dependent effect of creep on the passively developed axial force in
axially restrained frame beams?



How does creep affect the loading capacity of axially restrained beams controlled by
compressive arch action?



What is the sustained loading capacity of frame beams relative to their short-time
capacity under compressive arch action?



What is the damage index that can be used as a warning sign for a frame beam subjected
to high sustained loads close to the failure load?
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CHAPTER 3
EXPERIMENT DESIGN

3.1. PROTOTYPE STRUCTURE
The beams in an RC frame are axially restrained by the surrounding structural elements
such as cast-in-place slabs and columns. Because the behavior of a frame beam is a function of the
axial restraint existing at its ends, applying proper test boundary conditions to the specimens is
essential. To obtain appropriate beam reinforcement ratios and the possible rotational and axial
restraining stiffness enforced by the structural components adjacent to the beam, a four-story
beam-column frame building was designed in compliance with ASCE 7-16 (2016) and ACI 31819 (2019). Figure 3.1 schematically shows three dimensional and floor plan views of the prototype
building. The building, assumed with an office occupancy and located in a non-seismic region, has
5 bays in each direction with a 28-ft center-to-center span length. The first floor is 14-ft high but
the story height for the upper floors is 12 ft.
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(a) Three-dimensional view
Figure 3.1 Prototype building.
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(b) Floor plan
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The structural design is governed by gravity loads with a combination of 1.2D+1.6L, where
D and L are dead and live loads, respectively. The floor system contains 8-in thick cast-in-place
two-way slabs. The dead loads include 100 psf of slab self-weight, as well as 17-psf and 20-psf
superimposed dead loads on the roof and the floors to account for the weight of internal walls,
partitions, and floor finishing. The superimposed dead loads were assumed to be evenly
distributed. The live load is 50 psf on the floors and 20 psf on the roof (ASCE 7-2016). Four live
load distribution patterns were considered to obtain the maximum design forces including bending
moment, axial force, and shear. All members were assumed to be constructed by concrete with a
4000-psi cylinder compressive strength and Grade 60 reinforcing bars. Concrete cover thickness
is 1.5 in. for both the columns and beams. The first two stories have columns with 18-in. square
cross-section, whereas the third and fourth stories have 16-in. square columns. Figure 3.2 shows
the typical design results of cross-sections and reinforcing details of the beams at the interior bays.
Beam tensile reinforcement ratios are 1.19% for the top bars at the beam-column interfaces and
0.62% for the bottom bars.
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Figure 3.2 Beam cross-sections and reinforcing detail at mid-span and support (unit: in.).
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It was assumed that Column C3 on the first floor fails, causing the four beams supported
by this column to be subjected to sustained loads. The behavior of beams BC and CD situated on
axis-3 of the first floor initially supported by the failed column was explored in this research. The
location of the concerned beams is shown in Figures 3.3 and 3.4.
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Figure 3.3 First floor plan view showing failed column and beams of concern.
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Figure 3.4 Elevation view of Frame 3 and beams of concern.
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3.2. OVERALL DESIGN OF EXPERIMENTS
3.2.1. Testing Scheme
The experiments were conducted in the Structural Engineering Laboratory at the University
of Nevada, Las Vegas (UNLV). Figure 3.5 schematically shows test setup. Each specimen was a
beam-column sub-assemblage consisting of two doubly reinforced beams with the same crosssectional dimension and a center column representing the failed interior column in the prototype
structure. The beam and column cross-sections were identical among the specimens. The test setup
was designed and detailed to permit simulating the rotational and axial restraints existing at beam
ends in the prototype structure. At each size of a specimen, two vertical struts were used to restrain
the vertical displacement and rotation of beam ends. The specimen elongation was restrained.
During testing, a downward load was applied at the center column. The details of test setup and
loading approach are described in Sections 3.5 and 3.6.

Providing
boundary
restraints

Simulating end of
beam in prototype

Center column stub

Figure 3.5 Schematic view of experimental approach.

3.2.2. Scale Factor and Restraining Rigidity
To preserve the strength and deformational properties of beams in a flexural loading test,
a test specimen should not be scaled down beyond one-quarter of the prototype (Abrams 1996).
Additionally, there is a correlation between specimen size and creep rate: concrete creep increases
with the decrease of volume-to-surface (V/S) ratio (Bažant 1975). Therefore, the scale factor for
the test specimens in this study considered both the effect of volume-to-surface (V/S) ratio on creep
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and the need of maintaining mechanical properties of the materials. Because of the limitations
imposed by cost and testing facility, the cross-sectional dimensions of the beams and failed column
in the prototype structure were scaled down using a factor of 1/3. Due to the restraints of strong
floor size of the laboratory, a scale factor of 0.27 was applied to the longer specimens to scale
down the prototype beam length.
To obtain appropriate axial and rotational restraining rigidities at specimen ends, elastic
analysis was performed on a scaled-down version of the prototype structure with a 1/3-scale factor
for the beams, columns, and slabs. As mentioned previously, it was assumed that Column C3 at
the first floor fails. Following the failure, the four slab panels neighboring the failed column can
be cracked and even yielded; accordingly, they would not be able to restrain the elongation of the
four beams supported by the failed column. Therefore, these four slab panels, together with the
four beams directly impacted by column failure, were omitted from the structural analysis model.
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Figure 3.6 Floor plan of the first story of a scaled-down prototype structure and application of unit loads
to determine the restraining rigidities for test specimens.
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The axial and rotational stiffness were obtained by applying a unit axial force (Figure
3.6(a)) and a unit bending moment (Figure 3.6(b)) at Points B3 and D3 and then identifying the
horizontal displacement and rotation at these locations. It was found from such analyses that, to
simulate a realistic boundary condition in the tests, an axial restraining stiffness of 3340 kip/in.
and a rotational restraining stiffness of 9800 kip-in./rad were needed for the test specimens.

3.2.3. Test Variables
Major test variables included sustained load level, span-to-depth ratio, and tensile
reinforcement ratio of the beams. Because the specimens cannot be tested simultaneously, concrete
age also varied among the different tests.
Sustained load level ‒ Concrete creep is affected by sustained stress level. To explore the
time-dependent effect of creep on the passively developed axial force in restrained frame beams,
different levels of high sustained load ranging from 80% to 100% of their predicted nominal shorttime loading capacity that has incorporated the effects of compressive arch action were considered.
Span-to-depth ratio ‒ The effects of compressive arch action depends on beam tensile
reinforcement ratio and span-to-depth ratio. The span-to-depth ratio, ln/h, is defined as the ratio of
beam clear length ln to height h. Greater axial force can be developed in a RC frame beam with
smaller ln/h. Therefore, ln/h may affect the time-dependent response of beams under sustained
loading, and was thus considered as one of the test variables. Two beam clear span lengths were
used: ln = 85 in. resulting in ln/h = 10.6 and ln = 60-in. leading to ln/h = 7.5.
Tensile reinforcement ratio –The degree of flexural capacity enhancement in an axially
restrained beam is also impacted by tensile reinforcement ratio. The tensile reinforcement ratios
in the test specimen were almost identical to those of the beams in prototype structure:
approximately 1% and 0.6% at the critical sections for negative and positive bending, respectively.
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3.3. SPECIMEN PROPERTIES
3.3.1. Geometry and Reinforcing Details
Six specimens were designed following ACI 318-19 (2019) and ASCE 7-16 (2016). Figure
3.7 shows the dimensions and reinforcing details. Each specimen contained a center column stub
and two beam segments. Each beam segment had a height of h = 8 in. and a width of b = 5 in. The
center column stub had a 6-in. square cross section and extended 4 in. beyond the top and bottom
faces of the beams. The specimens were divided into two groups: Group A, consisting of three
specimens with ln = 85 in., and Group B, consisting of also three specimens with ln = 60 in. The
beam clear span length, ln, was defined as the distance from one face of the center column to the
edge of the nearest vertical strut. The Group A specimens had an overall length of 237 in. with ln/h
= 10.6, whereas the Group B specimens had an overall length of 189 in. with ln/h = 7.5.
The clear concrete cover was 0.5 in. for both the beam and column sections. The beams
were identically reinforced by two No. 4 top longitudinal bars and two No. 3 bottom bars. The top
and bottom reinforcement ratios were 1.14% and 0.63%, respectively. The longitudinal bars were
continuous along entire specimen length without splices. Ninety-degree hook was used at each end
of the longitudinal bars to ensure adequate development length. No. 2 smooth bars, fabricated into
closed hoops with 135-degree hooks, were used as beam shear reinforcement. Since the
experiments focused on the effects of axial restraints on the flexural behavior of RC beams under
high sustained load, any potential shear failure of the beams should be eliminated; accordingly, a
reduced spacing of 3 in. was employed for the transverse reinforcement throughout beam length.
The column was reinforced by four No. 4 bars longitudinally and No. 2 smooth bars at a uniform
spacing of 3 in.
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Elevation view of Group A specimens (ln = 85 in.)

Elevation view of Group B specimens (ln = 60 in.)
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Figure 3.7 Geometry and reinforcing details of test specimens (unit: in.)

40

3.3.2. Material Properties
Concrete properties ‒ The test specimens and companion concrete cylinders were cast
using a single batch of ready-mix concrete. Cylinders with a 6-in. diameter and a 12-in. height
were used to obtain concrete short-time compressive strength (fc') at different ages. The concrete
mix was designed to achieve a 28-day fc' of 4000 psi. Each cubic yard of concrete contained 517lbs Type V cement, 331-lbs water, 1938-lbs sand, and 1310-lbs limestone. The corresponding
water-to-cement ratio was 0.64. The maximum size of coarse aggregate in the mixture was 3/8 in.
The concrete slump was 5.5 in. at the time of concrete delivery. For each specimen, three to five
cylinders were tested at the start as well as the end of sustained loading for each level of sustained
load applied. Figure 3.8 shows the measured concrete short-time compressive strength fc' of
individual cylinders as well as the average strength as a function of concrete age t. The first set of
cylinders were tested at t = 249 days and had an average strength of 4815 psi. Concrete strength
decreased approximately by 11.5% to fc' = 4260 psi at t = 381 days when the first Group B
specimen was tested. Due to the small variation (≈ 1%) among the concrete strengths of Group B
specimens, fc' = 4260 psi was assumed for all the specimens in this group.
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Figure 3.8 Short-time concrete compressive strength at different ages.
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Steel reinforcement properties ‒ A706 Grade 60 deformed carbon steel, conforming to
ASTM A615 (2012), was used for the longitudinal reinforcement. The uniaxial mechanical
properties were obtained by tensile tests of two samples of each size of the bars. Figure 3.9 shows
the measured stress-strain response of one bar for each size. Table 3.1 lists the average mechanical
properties, including Young’s modulus (Es), yield stress (fy), yield strains (εy), and ultimate stress
(fu) of the No. 4 and No. 3 bars as longitudinal reinforcement and the No. 2 bars as transverse
reinforcement. The average yield stress was determined as 64.3 ksi and 63.8 ksi for No.4 and No.3
bars, respectively. Due to the lack of a yield plateau, the yield stress of No.2 bars was determined
as 50.1 ksi based on the 0.2% offset method in accordance with ASTM A370 (2018).
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Figure 3.9 Stress-strain relationship of reinforcing bars.

Table 3.1 Material properties of steel reinforcement
Es (ksi)

fy (ksi)

fu (ksi)

εy

Ultimate elongation (%)

No. 4

29100

64.3

88.3

0.00221

19.5

No. 3

29000

63.8

83.4

0.00220

22.4

No. 2

23800

50.1

68.9

0.00211

27.4
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3.4. SPECIMENS FABRICATION
3.4.1. Reinforcement Cage, Rebar Strain Gauges, and Formwork
To fabricate the specimens, steel cages were built first. After assembling the steel cages,
120-ohme electrical resistance strain gauges with a 0.24-in. grid length were attached to one tensile
bar at each critical section located at the supports or the mid-span of a specimen. Special cares
were taken when attaching a strain gauge so that it was situated along the neural axis position at
the side face of a bar to minimize the effect of bar local bending on the measured result. The strain
gauges were symmetrically deployed between the left and right sides of a specimen. Figure 3.10
shows the location of steel strain gauges in one beam segment. To protect the gauges against
moisture and potential damage during concrete casting, the strain gauges were covered with
protective coating. Figure 3.11 shows a coated strain gauge attached to a No. 4 bar.

Figure 3.10 Location of rebar strain gauges at critical sections.

Figure 3.11 An attached strain gauge covered with protective coating.
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Wooden formworks were fabricated for the specimens and sealed with silicone gel to
prevent leakage during concrete pouring. Oil was sprayed on inner surface of the formworks. Prior
to placing steel cages into the formworks, plastic rebar chairs with a height of 0.5 in. were fixed to
the bottom of transverse reinforcing bars every 2 ft. along beam length. To ensure the bond
between the reinforcing bars and concrete, rebar chairs were not used near the critical sections.
Figure 3.12 shows the formworks together with the steel cages ready for concrete pouring.

Figure 3.12 Steel cages and formworks.

3.4.2. Concrete Curing
The specimens and the cylinders were moisture cured, starting 4 hours after concrete
pouring. As shown in Figure 3.13(a), the specimens were covered with cotton fabric and burlaps,
which were kept saturated by spraying water twice a day. The specimens were furthered covered
with two layers of plastic sheets to minimize water evaporation (Figure 3.13(b)). The top surface
of concrete cylinders in the molds were also sprayed with water twice a day and covered with lids.
The curing was made inside the laboratory, where the average relative humidity was 33% and
room temperature ranged between 70 to 75 ֯F. After 21 days of curing, the specimens and concrete
cylinders were demolded and stored in the lab (Figure 3.13(c)).
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(a)

(b)

(c)
Figure 3.13 Concrete curing and demolded specimens and concrete cylinders.

3.5. TEST SETUP AND INSTRUMENTATION
3.5.1. Test Setup
The test setup, as shown in Figure 3.14, was designed and detailed so that all beam internal
forces including moment, axial force, and shear can be determined from the measurements and
equilibrium. In other words, the specimens were statically determinate. Different components of
the test setup were connected using bolts to allow easy adjustments and accommodate imperfection
in specimen dimensions, which were controlled to be less than 2%.
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Group A

Group B

Figure 3.14 Test setup (unit: in.)

Each beam segment of a specimen can be divided into two regions: an inner portion and
an extended portion. The inner portion with ln = 85 in. for Group A and 60 in. for Group B
specimens was used to simulate the axially restrained RC beams under high sustained loads. The
extended portion accommodated two vertical supports used to vertically and rotationally restrain
the inner beam portion. The length of the extended beam portion, i.e., the distance between the
two vertical supports, was determined based on the target rotational stiffness as described in
Section 3.2.2. The axial stiffness of the extended portion affected the axial restraining stiffness
imposed to the inner beam portion. The extended portion should be prevented from any type of
failure during the testing because the failure would adversely affect vertical, axial, and rotational
restraining stiffness. Therefore, the top of the extended portion was strengthened by a 1/4-in. thick
steel plate bonded with beam concrete by high-strength (8000 psi) gypsum cement (hydro-stone).
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Axial restraints ‒ Figure 3.15 shows the details of test boundary condition at beam ends.
A steel bracing frame was employed to provide only axial restraint to each end of a specimen. The
frame was composed of an inclined brace and a column. Two C10x30 channel sections were used
to fabricate the brace. The column was 30-in. long and consisted of two C15x40 channel sections.
All the steel sections and their end plates were made of A36 steel. The brace was connected to the
column top by 1-in. diameter high-strength bolts. The column was strengthened by 1/2-in. thick
stiffeners at locations where heavy load transfer was expected. The bracing frame was designed to
have a nominal lateral stiffness of 5000 kip/in. The overall axial restraining stiffness applied to the
inner beam portion was a function of both the lateral stiffness of the bracing frame and the axial
stiffness of the extended beam portion of a specimen.

Figure 3.15 Devices enabling test boundary condition at beam ends.

To measure the axial force in a specimen, a 100-kip capacity load cell was fixed to the
bracing frame and aligned with the longitudinal beam axis. Figure 3.16 shows a close-up of all the
components transferring horizontal force from beam end to the bracing frame. A steel plate with
dimensions of 4 in. x 2-1/4 in. x 1/2 in. was attached to the vertical face of beam end using hydro47

stone to compensate imperfections on concrete surface. The centerlines of the plate were aligned
with those of beam cross section. The exposed face of this plate was smooth and bear against a 1in. diameter pin which functioned as a roller so that negligible vertical force and moment were
transferred between beam end and the bracing frame. To hold the pin in position, a 3 in. x 3-1/2
in. x 3/4 in steel plate was milled with a 1/8-in. deep groove throughout the horizontal centerline.
Before placing the pin into the groove, heavy-duty grease was applied on the groove surface and
the exposed surface of the steel plate attached to beam end to allow easy rotation of the pin. The
axial restraining components should have perfect contacts so that the axial restraints can be
effective immediately after the load was applied to the specimen. However, the unavoidable
imperfection in specimen length required adjustability of the restraining assembly. Thus, a 1-3/4
in. diameter high-strength threaded rod was screwed into the load cell and used to transferred
horizontal force between the grooved steel plate and the load cell.

Figure 3.16 Details of the components axially restraining beam end.
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Rotational and vertical restraints ‒ Each end of a specimen was restrained vertically and
rotationally by two vertical supports under the extended portion of beam, as shown in 3.17. The
inner vertical support carried a compressive force, whereas the outer one resisted a tensile force.
The inner support consisted of a 15-in. long W8x31 steel column welded to a 1-in. thick steel plate
at bottom and a 1/2-in. thick steel plate at top. Between this column and specimen, a roller bearing
shown in Figure 3.18 was employed. As described previously, the axial force developed in the
beams was measured by the load cell between the lateral bracing frame and beam end. Thus, the
inner vertical support was designed to function as a roller generating negligible friction force that
cannot be directly measured in a test. The roller slide on the top surface of steel column and was
placed in a 1/4-in deep groove milled into a steel plate that had a dimension of 6 in. x 9 in. x 1 in.
and was situated beneath the beam. This steel plate and another one sitting on beam top with
identical size were used to clamp the extended portion of beam by bolts and nuts. To minimize
possible friction force, heavy duty grease was applied to the pin, the accommodating groove, and
the top surface of the vertical steel column.

Figure 3.17 Details of the components for applying rotational and vertical restraints.
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Figure 3.18 Roller bearing at the inner vertical support carrying compressive reaction force.

The outer vertical support consisted of two sets of steel clevises, one at the top and the
other one at the bottom. A 50-kip capacity load cell was used to measure the reaction tensile force.
The clevises were connected to the load cell using high-strength threaded rods with a diameter of
1-1/4 in. The length of the outer vertical support was adjustable to compensate any imperfection
of the beams.
Pedestal beams – To achieve fixed supports for the restraining devices at their bottom and
provide adequate room for specimen downward deflection, a 11-ft. long W10x49 steel pedestal
beam was employed at each side of a specimen. All the bracing frames and vertical supports were
connected to the pedestal beams using 1-in. diameter high strength bolts. The pedestal beams were
fully anchored to the strong floor by 1-in. diameter high-strength threaded rods. The number of
the bolts and rods was determined so that sufficient friction force between the connected
components can be generated to prevent slippage. The pedestal beam was strengthened with 1/2
in. thick stiffeners at the locations where concentrated forces were transferred.
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Loading devices – A downward vertical load was applied to the center column during the
short-time and sustained loading. Figure 3.19 shows the details of the components used for
applying, measuring, and sustaining the loads during a test. A specimen was first loaded by a 330kips capacity hydraulic jack or by tightening the hex nuts screwed on the upper end of four
threaded post-tensioning (PT) rods. The hydraulic jack was inversely placed and bear against the
bottom face of the steel beam of a reaction frame. The PT rods had an 8-in. center-to-center
horizontal spacing and were symmetrically deployed around the center column. Each PT rod had
a 1-in. diameter and a minimum yield strength of 120 ksi. The lower end of the PT rods was
anchored to the tie-down at strong floor bottom. A coupler was used in each PT bar so that it can
extend 62 in. above the strong floor.

Figure 3.19 Test setup details at center column.
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As Figure 3.19 shows, the load applied by tightening the hex nuts was first transferred to a
1-in. thick, 12-in. square steel plate. The plate was supported by four die springs, each
encompassing a PT rod. Creep-induced beam deflection under high sustained loads can cause the
load to decrease quickly. The springs were used to reduce the needed frequency of load adjustment
and thus helped to maintain load at a relatively constant level. Each spring had an inner diameter
of 1-1/16 in. and a length of 12 in. The load carried by the springs were further transferred down
to another 12 in. x 12 in. x 1 in. steel plate. Both the upper and lower steel plates have four 1.25in. diameter holes so that the PT rods can pass through. Underneath the lower steel plate, a 50-kips
capacity load cell, aligned with the vertical axis of the center column, measured the load ultimately
applied to the specimen. A 6 in. x 6 in. x 1 in. steel plate was placed underneath the load cell and
bonded to the top surface of the column by hydro-stone.
As stated previously, specimens were loaded either by tightening the hex nuts or by the
hydraulic jack. The first approach can better control undesired movement of the center column
such as twisting and in-plane rotation, thereby achieving a more symmetric response between the
two beam segments. However, applying a large force by tightening hex nuts is tedious and may
result in inconsistent loading rates. On the other hand, using the hydraulic jack for loading reduces
needed labor work; however, leakage of hydraulic oil can occur especially during sustained
loading with a long duration. Such leakage happened even during the short-time loading of a Group
B specimen. Based on these considerations, the Group A specimens, with a lower loading capacity
than the Group B specimens, were loaded primarily by tightening the hex nuts during both the
short-time and sustained loading. The Group B specimens, with greater loading capacity due to
the shorter span and the greater effects of compressive arch action, were loaded by the hydraulic
jack during the short-time loading and mainly by tightening hex nuts during the sustained loading.
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Restraining devices at the center column – A specimen will be softened especially after
concrete crushing at the critical sections; consequently, the compressive axial force may cause
undesired out-of-plane deflection at the center column. Moreover, large energy was stored in the
die springs during loading and the energy might be released suddenly once a specimen failed under
combined axial force and bending moment. To restrain the center column stub from excessive
undesired deflection and provide safety if the specimen experiences a brittle failure, a restraining
system shown in Figure 3.20 was utilized around the center column. The system consisted of 8
round cap nuts screwed with threaded rods. These rods were anchored to four steel angles, which
were fixed to the columns of the steel reaction frame. The restraining system would introduce a
vertical fraction force when the cap nuts touched the column. This fraction force, which could not
be measured, may adversely affect the test results. Accordingly, the undesired deflections of the
center column stub were restrained only if they became excessive. Thus, a 1/4-in. gap between the
cap nuts and column surface was set. Figure 3.21 shows as an example the entire test setup for a
Group B specimen ready for testing.

Figure 3.20 Restraining system for center column.
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Figure 3.21 Entire test setup for a Group B specimen.

3.5.2. Instrumentation
Force measurements – The forces were measured by a total of five load cells, as
individually described in Section 3.5.1. Figure 3.22 summaries the measured forces, including the
load applied to the center column (F), the downward reaction forces at the outer vertical supports
(Ft), and the passively developed axial force at the left and right ends (PL and PR). Even if the PL
and PR should be identical, both were measured for redundancy. Each beam segment had two
critical sections, one resisting negative bending at the support and the other one resisting positive
bending at the center column. Based on specimen dimensions and equilibrium conditions, the
measured F, Ft, and PL (or PR) permitted determining the upward reaction forces at the two inner
vertical supports (Fc) and thus the bending moments beam critical sections.

Figure 3.22 Schematic view of forces and critical section locations of a specimen.
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Displacement measurements – The displacements of a specimen at five locations shown
in Figure 3.23 were measured by linear variable differential transformers (LVDTs). For
redundancy, the downward movement of center column was measured by two LVDTs, each
located 1-1/2 in. away from the column center. The use of two LVDTs also permitted monitoring
possible in-plane rotation of the center column. One LVDT was used at mid-span of the inner
portion of each beam segment. The LVDT measurements examined whether the specimen had a
symmetric deflection response. Two LVDTs were used to measure the horizontal displacement at
the mid-height of beam front and back faces at the support critical section. The average value from
these two LVDTs and the measured beam axial force were used to determine the actual axial
restraining rigidity applied to beam ends. Figure 3.24 shows the restraining force versus horizontal
displacement at the support critical section measured during the initial loading of a Group B
specimen. From Figure 3.24, the axial restraining stiffness was determined as 1700 kips/in.

Figure 3.23 Schematic view of LVDTs location.
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Figure 3.24 Axial restraining force versus beam end horizontal displacement of a Group B specimen.
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Strain measurements – The measurements of tensile strain of beam longitudinal bars at
selected locations are described in Section 3.4.1 and Figure 3.10. The strain gauges were 0.307-in.
long and 0.15-in. wide, had a 120-ohm resistance, and were applicable in a temperature range of 103 to 392 ֯ F. Longitudinal and transverse deformations of concrete were measured by electrical
resistance strain gauges at the compressive face of beam critical sections shown in Figure 3.22.
The concrete strain gauges attached to the beam top face at the center column of a specimen and
the bottom face at the support are shown in Figure 3.25. The transverse strain gauges were attached
1/2 in. away from the critical section. The longitudinal strain gauges were attached along beam
axial direction. There was a 1/4 in. gap between the transverse and longitudinal strain gauges. For
the purpose of measurement redundancy, the strain gauges were attached to both beam segments.
Each concrete strain gauge had a 121-ohm resistance, a length of 3.15 in., and a width of 0.12 in.
The gauges were applicable in an ambient temperature of -4 to 176 ֯ F. The concrete strain gauges
were covered with silicone gel to prevent potential damage.

(a)
(b)
Figure 3.25 Longitudinal and transverse strain gauges attached to compressive face of critical sections: (a)
at center column and (b) at support.

Data collection – Electrical signals from the five load cells, four steel strain gauges, eight
concrete strain gauges, and six LVDTs were transmitted to a data acquisition (DAQ) system
manufactured by the National Instruments (NI). A required DC power supply was also made by
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NI. The signals from the load cells and strain gauges were collected by totally five four-channel
NI9219 universal analog input modules. The LVDTs were connected with a power distributer. The
signals from the LVDTs were collected by a NI9205 input module with 23 channels. The NI9219
and NI9205 input modules were inserted into a NI-Compact DAQ chassis connected to a laptop,
where LabVIEW was used to store and view the test data. Different sampling rates were employed.
During the short-time loading and sustained loading with high creep rates, data were collected at
a rate of 1 data/second for each channel. The data collecting rate was changed to 1 data every 120
second during sustained loading when the creep rate was reduced.
Other Measurements – The ambient temperature and humidity inside the laboratory were
recorded using a digital thermometer, which however could not be connected to the DAQ system.
The laboratory is air-conditioned and located in a dry region in the U.S. with an annual
precipitation of only 105 mm. Thus, the typical temperature and relative humidity inside the
laboratory, where the tests were conducted, were 23 ֯C and 21%, respectively. Two bubble levels,
as shown in Figure 3.26, were attached to two perpendicular faces of the center column to identify
its in-plane and out-of-plane rotation. The distance between the reaction frame and the face of the
center column stub was manually measured during loading to monitor its out-of-plane deflection.

Figure 3.26 Bubble levels for monitoring in-plane and out-of-plane rotations of center column.
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3.6. Test Matrix and Loading History
Table 3.2 shows a test matrix, which summaries concrete age at time of loading (t0), shorttime concrete strength (fc') at t = t0, duration of sustained loading (td), and loading procedure for
each specimen. The first test was not conducted until t0 = 249 days for the following two reasons:
(1) As described in Section 1.2, some buildings collapsed under sustained loads after years of
service when concrete was not young anymore; (2) Neither concrete age (t0) nor concrete strength
was considered as a test variable. It was expected that both concrete strength and shrinkage can be
stabilized after 200 days of concrete casting. Moreover, concrete creep coefficient reduces as t0
increases (ACI 209-1992; CEB MC90-99). Figure 3.27 shows the effect of t0 on creep coefficient,
determined based on the ACI 209 model (ACI Committee 209, 1992) and CEB MC90-99 (1999)
models. The creep coefficient was normalized as the ratio of creep coefficient associated with
different loading ages to that with t0 = 30 days. As the figure shows, the effect of t0 becomes less
announced when t0 is greater than 200 days.
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Figure 3.27 Effect of loading age on normalized creep coefficient.
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Table 3.2 Test matrix and loading history
Group

Group A

Specimen

t0
(day)

fc' at t0
(psi)

td
(day)

AP

249

4810

0

A90

267

4670

50

A95

331

4450

0

B80/90

381

4260

20

B90/100

413

4260

30

B95

480

4260

30

ln/h = 10.6

Group B
ln/h = 7.5

Loading sequence
Short-time loading
(1) Short-time loading to 0.9Fu
(2) Sustained loading at Fsus = 0.9Fu
(3) Short-time loading to failure
(1) Short-time loading to 0.95Fu
(2) Sustained loading at Fsus = 0.95Fu until failure
(1) Short-time loading to 0.8Fu
(2) Sustained loading at Fsus = 0.8Fu
(3) Short-time loading to 0.9Fu
(4) Sustained loading at Fsus = 0.9Fu
(5) Short-time loading to failure
(1) Short-time loading to 0.9Fu
(2) Sustained loading at Fsus = 0.9Fu
(3) Short-time loading to Fu
(4) Sustained loading at Fsus = Fu until failure
(1) Short-time loading to 0.95Fu
(2) Sustained loading at Fsus = 0.95Fu
(3) Short-time loading to failure

Specimen AP in Group A was first tested at t0 = 249 days. This specimen was loaded to
failure in a short time and served as a pilot test to examine the feasibility of experimental design,
particular in terms of the effectiveness of the restraining systems and data collection approach.
Therefore, the test results for Specimen AP are not presented in the following discussions. In the
designation of other test specimens, the letter (A or B) indicates test group; the following number
indicates a percentage ratio of the applied sustained load to Fu, which is the short-time loading
capacity proposed by Su et al. (2009) that has taken into account the beam axial restraining effect
on beam flexural strength.
For all other specimens, load was initially applied in a short time to the target sustained
load Fsus under a loading rate about 0.3 kips/minute. The the minimum level of sustained load was
0.8Fu. If no failure occurred, this level of sustained loading was terminated if the daily increase in
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the deflection at the center column became consistently lower than 0.003 in. for three consecutive
days. Specimens A90, A95, and B95 were applied with one level of sustained load. Specimens
B80/90 and B90/100 were designated using two numbers. The first one is the percentage level of
sustained load applied initially, for which no failure occurred. Then the sustained load was
increased to a higher level indicated by the second number. The use of two levels of sustained load
examined the effects of loading history on beam stiffness and strength. The sustained load was
frequently adjusted wherever it dropped by no more than 0.25 kips due to creep. If no failure
occurred during the sustained loading, the specimen was reloaded to failure in a short time.
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CHAPTER 4
EXPERIMENTAL RESULTS OF GLOBAL BEHAVIOR

4.1. PREDICTED SHORT-TIME LOADING CAPACITY UNDER COMPRESSIVE ARCH ACTION
Since it was planned not to conduct short-time loading tests, the short-time loading capacity
of a beam-column subassembly under compressive arch action, denoted as Fu, needed to be
accurately predicted for each test specimen. This was achieved by applying Equation (4.1), which
was developed by Su et al. (2009) based on an analytical model proposed by Park and Gamble
(2000) for longitudinally restrained RC one-way slabs.
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2
2
2 2

(4.1)

where b is beam width; h is beam height; 𝑓𝑐′ is concrete cylinder short-time compressive strength;
𝛽1, determined according to ACI 318-19 (2019), is the ratio of the depth of equivalent concrete
stress block to the depth of neutral axis; Δ is downward center column deflection; 𝛽 is ratio of the
distance from a plastic hinge at the center column to the nearest support to 2ln; T and 𝑇 ′ are tensile
resultant forces of steel in the beam sections at the column and supports; 𝐶𝑠 and 𝐶𝑠′ are compressive
resultant forces of steel at the center column and supports; T, 𝑇 ′ , 𝐶𝑠 , and 𝐶𝑠′ are calculated using
steel yield strength; d is beam effective depth; d' is the distance from the centroid of compressive
reinforcement to beam compressive surface; 𝜔 is beam self-weight per unit length; 𝜀𝑡𝑜𝑡𝑎𝑙 is the
total axial strain due to beam axial deformation and support longitudinal displacement, and is
determined by Equation (4.2).
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(4.2)

where S is support rigidity along beam axial direction and Ec is concrete elastic modulus defined
based on ACI 318-19 (2019).
The accuracy of Equation (4.1) can be verified by comparing the loading capacity
measured from the tests described in Section 2.1.2.3 with that predicted by Equation 4.1. As shown
Figure 4.1, there is a good agreement between the predicted and measured capacity. On average,
the predicted capacity is 95% of the measured one. Particularly, for the axially restrained beams
tested by Su et al. (2009) with ln/h = 9.08 (indicated by the circular dots in Figure 4.1), which is
close to the span-to-depth ratio of the specimens tested in this study (ln/h = 10.6 and 7.5), the
difference between predicted and measured strength was only 1.7%.
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Figure 4.1 Comparison of measured and calculated loading capacities (Su et al. 2009).
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To apply Equation (4.1) to the specimens tested in this study, the actual material properties
presented in Section 3.3.2 were used. Additionally, the support rigidity S in Equation (4.1) was
taken as 1700 kip/in., obtained based on the measured horizontal restraining force at beam ends
and the average horizontal displacements at the critical sections at the supports. Table 4.1 lists the
predicted short-time loading capacity under compressive arch action (Fu) based on the measured
concrete cylinder strength (fc') at the start of sustained loading (t0) for the five test specimens. As
mentioned in Section 3.6, the test of Specimen AP served as pilot test; therefore, its results are not
presented in all the following discussions. Note that, each of the Specimens B80/90 and B90/100
was subjected to two different levels of sustained load.

Table 4.1 Predicted short-time loading capacity of specimens with and without axial restraints
Specimen

t0 (day)

fc' at t0 (psi)

Fu (kips)

Fu,o (kips)

A90
A95

267
331
381
391
413
443
480

4670
4450
4260
4260
4260
4260
4260

9.64
9.47
14.1
14.1
14.1
14.1
14.1

6.07
6.05
8.56
8.56
8.56
8.56
8.56

B80/90
B90/100
B95

To indicate the extent of strength enhancement due to compressive arch action, the shorttime loading capacity in the absence of axial restraint (Fu,o) was determined for each specimen
using the virtual work method and formulated in Equation (4.3). In this equation, Mo,1 and Mo,2 are
beam flexural strength under negative and positive bending without considering axial restraining
effects. Mo,1 and Mo,2 were conventionally evaluated based on the actual material properties at the
start of a testing and ACI 318-19 (2019). Figure 4.2 schematically shows all the involved variables.
The values of Fu,o are given in Table 4.1.
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Figure 4.2 Schematic view of deflected beam with bending moments at critical sections.

𝐹𝑢,𝑜 = 2[(

𝑀𝑜,1
𝑀𝑜,2
)+(
)]
𝑙𝑛
𝑙𝑛

(4.3)

4.2. LOAD-DEFLECTION-AXIAL FORCE RESPONSE
The overall performance of the test specimens is described by load-deflection-axial force
(F--P) response, where F, P, and  denote the load applied at the center column, horizontal
restraining force measured at beam ends, and center column deflection, respectively. As the center
column displaced due to loading, each beam segment was rotated and thus F was not identical to
beam axial force. However, even at the largest deflection when a test was ended, the maximum
beam rotation was only about 3.5 and 4.2 degrees for Groups A and B specimens, respectively. At
this level of deformation, the difference between beam axial force and P should be less than 0.3%.
Therefore, in the following discussions, the passively developed beam axial force in a specimen is
equated as the measured horizontal restraining force P. Moreover, prior to the start of a test, a load
of 0.15 kips has already been added to a specimen due to the self-weights of some load bearing
components sitting on the center column, including two steel plates, four springs, and several steels
blocks underneath the hydraulic jack. This amount of load is incorporated in the F--P response
but with zero column deflection because the deflection was not measured by DAQ until the testing
was started.
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4.2.1. F--P Response of Specimens with ln/h = 10.6
Specimen A90 ‒ Figure 4.3 shows the load-deflection-axial force (F--P) response of
Specimen A90 loaded at t0 = 267 days. For comparison purpose, Fu = 9.64 kips, the predicted
short-time loading capacity of axially restrained beam and Fu,o = 6.07 kips, the predicted shorttime loading capacity neglecting axial restraining effects, are shown by the dashed lines. The
specimen sequentially experienced beam yielding due to positive bending at the center column,
beam concrete crushing at the center column, yielding due to negative bending at the supports, and
concrete crushing at the supports.
At small deflections, when the specimen was uncracked, the beam resisted the load by
flexural action and the center deflection linearly increased with load. The axial restraining force
was not captured until specimen cracked near the center column when deflection reached 0.075 in.
and F = 0.89 kips. Additionally, some flexural cracks were observed at the supports when F = 1.44
kips and Δ = 0.141 in. Unlike RC beams without axial restraints, flexural cracking in A90 did not
cause stiffness degradation because of the increasing axial force (P) and its restraining effects.
Thus, the load could keep increasing linearly with respect to beam deflection and the slope of F-Δ
curve did not change. Under increasing F, both the width and length of flexural cracks increased.
Flexural yielding happened first in the beam section near the center column when F = 5.25 kips
and Δ = 0.667 in., causing specimen stiffness to decrease by about 40%, as shown by reduced
slope of F-Δ curve. However, the increase in axial force P was not impacted by the beam yielding
and P still linearly increased with deflection.
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Figure 4.3 Load-deflection-axial force response of Specimen A90.

As the loading proceeded, beam concrete cover spalled due to positive bending at the center
column when F = 8.65 kips and Δ = 1.73 in. Soon after this, flexural yielding under negative
bending occurred in the beam sections at the supports when F = 8.59 kips and Δ = 1.77 in. The
initial short-time loading was continued until the target sustained load of Fsus = 0.9Fu = 8.65 kips
was reached. At this moment, termed as the end of the initial short-time loading or the start of the
sustained loading, the center deflection was Δ = 1.73 in. It took 33 minutes to complete the initial
loading, corresponding to a loading rate about 0.3 kips/min. Figures 4.4(a) and 4.4(b) show the
specimen before loading and after the completion of initial loading.
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(a)

(b)

(c)

(d)

Figure 4.4 Specimen A90 before and after loading: (a) start of test, (b) start of sustained loading (Δ = 1.73
in.), (c) end of sustained loading (Δ = 2.96 in.), and (d) end of entire test (Δ = 6.26 in.).

The sustained load was monitored and regulated as Fsus = 8.65 ± 0.05 kips in the sustained
loading stage. During the initial 9 hours of sustained loading, axial force P increased from 25.0 to
26.8 kips while the deflection Δ increased from 1.73 to 2.15 in. Then, the axial force tended to
decrease but an obvious fluctuation was observed. The axial force increased whenever the load
applied at the center column was adjusted to reach the target sustained load. On the other hand,
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creep caused the axial force to gradually decrease over time. The axial force P decreased from
26.8 to 23.5 kips while Δ increased from 2.15 to 2.82 in. Then the axial force increased again from
23.5 to 24.8 kips while Δ reached 2.96 in. The sustained loading was terminated after 50 days
when Δ = 2.96 in. because the daily average increase in Δ became less than 0.003 in. During the
sustained loading, the center deflection increased by 71%. Figure 4.4(c) shows the specimen
condition at the end of sustained loading.
After completing the sustained loading, the specimen was immediately reloaded to failure
in a short time. During the early stage of this loading process, the F-Δ curve presented a greater
slope than that at the end of the initial loading. This means that the 50-day sustained loading
increased concrete stiffness. After loading for only 100 seconds, a peak load of Fmax = 9.16 kips
was reached at Δ = 3.24 in. The peak load was 50% greater than Fu,o and roughly 5% lower than
Fu. The strength enhancement, relative to Fu,o, was due to compressive arch action resulting from
restrained beam elongation. Additionally, Fmax was only 6% higher than Fsus, indicating that Fsus
= 0.9Fu is close to the sustained loading capacity of the specimen. The axial force at Fmax was P =
25.5 kips = 0.13Po, where Po is the nominal axial strength of beam defined based on ACI 318-19
(2019). Immediately after reaching Fmax, concrete crushing occurred at the supports when F = 9.01
kips and Δ = 3.46 in. Then, the slope of F-Δ curve decreased fairly gradually; however, the axial
force P kept increasing and reached its maximum of Pmax = 29.8 kips at Δ = 4.76 in. Afterwards,
P decreased and the F-Δ curve declined with a much greater rate. The testing was stopped when
the applied load dropped below 0.85Fmax, which is defined as a failure in the following discussions.
The corresponding load was F = 6.55 kips and Δ = 6.26 in. The entire second short-time loading
lasted for 25 minutes. Figure 4.4(d) shows the specimen at the completion of entire testing.
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Figure 4.5 shows the measured deflections of Specimen A90 at the initial position, the end
of the short-time loading, the end of sustained loading, and the end of the test. It is assumed that
beam deflection at the supports were zero. It is seen that a symmetric deflection response was
achieved between the left and right beam segments during the test. Moreover, the vertical
deflection at the midspan of a beam element was about half of the deflection at the center column.
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Figure 4.5 Deflection shape of Specimen A90.

Specimen A95 ‒ Figure 4.6 shows the F--P response of Specimen A95 tested at t0 = 331
days. Also shown in this figure are the predicted short-time loading capacity of axially restrained
beams, Fu = 9.47 kips, and the predicted short-time loading capacity without considering the
effects of axial restraints, Fu,o = 6.05 kips. Similar to Specimen A90, Specimen A95 presented a
linear relationship between load F and center deflection Δ at small deflections when the beams
were not cracked. Axial force was developed when Δ was greater than 0.034 in. The first hair crack
was observed near the center column when F = 0.740 kips and Δ = 0.045 in. Flexural cracks at the
supports were observed when F = 1.23 kips and Δ = 0.127 in. The cracks in Specimen A95
appeared earlier than in Specimen A90, likely due to material property variation and the lower
concrete cylinder strength (fc' = 4450 psi for A95 at t0 and fc' = 4670 psi for A90 at t0). After the
flexural cracking, the F-Δ response was still almost linear. In other words, similar to what
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happened to Specimen A90, due to the development of axial force, stiffness reduction caused by
cracking was negligible. When the load reached F = 5.91 kips, the first flexural yielding happened
in beam section near the center column. At that moment Δ = 0.791 in. The flexural yielding resulted
in a stiffness reduction of 51%, thereby causing the slope of F-Δ response to decrease. However,
the trend of increase in axial force P was not impacted by the beam yielding and still increased
linearly with deflection. Concrete spalling in compressive faces of critical sections under positive
bending occurred when F = 8.04 kips and Δ = 1.39 in. Yielding at the critical sections with negative
bending occurred at the supports when the load reached F = 8.40 kips and Δ was 1.55 in.
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Figure 4.6 Load-deflection-axial force response of Specimen A95.
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The loading was continued until reaching the target sustained load Fsus = 0.95Fu = 9.00
kips, which was roughly 5% lower than the predicted short-time loading capacity of axially
restrained beams, Fu = 9.47 kips, and 49% higher than the predicted short-time loading capacity
without considering the effects of axial restraints, Fu,o = 6.05 kips. The target sustained load was
achieved after roughly 28 minutes of loading, when the center deflection was Δ = 2.01 in. During
the subsequent sustained loading, concrete cover spalled at the supports. Since then, it became
difficult to maintain the sustained load within a range of 9.00 ± 0.05 kips. Consequently, the
specimen resisted the sustained load for only three minutes; after the center column has displaced
for 2.38 in., the load started to decrease. The quick failure indicated the sustained load must be
very close to the short-time loading capacity of the specimen. During sustained loading, the axial
force P increased from 26.9 to 29.3 kips with the same slope during the initial short-time loading.
After the load applied to the column started to decrease, the axial force could still increase but with
a milder slope than that during the sustained loading. The increasing trend of axial force continued
until reaching its maximum of Pmax = 30.8 kips at Δ = 3.09 in. Afterwards, the axial force started
to decrease. After the end of sustained loading, it took 36 minutes for the load to drop to 85% of
the sustained load. When the test was stopped, the center deflection was Δ = 4.10 in. and the load
was F = 7.42 kips. Figure 4.7 shows the specimen at the end of the test.

Figure 4.7 Specimen A95 at the end of testing (Δ = 4.10 in.).
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Figure 4.8 shows the measured deflection response of Specimen A95 at the initial position,
the end of short-time loading, the end of sustained loading, and the end of entire test. Since the
beam deflection at the supports were negligible, it was assumed as zero. The deflections at the
mid-span of the left and right beam segments were almost identical and equal to half of the center
column deflection, indicating a symmetric deflection response.
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Figure 4.8 Deflection shape of Specimen A95.

Figure 4.9 compares the F-Δ-P response of Specimens A90 and A95. Table 4.2 summarizes
the experimental results regarding load, center deflection, and axial force at key loading stages.
The two specimens had almost same F-Δ-P response during the initial short-time loading stage:
with increasing load, axial force and center column deflection increased with a nearly identical
slope. This indicates that not only the variation of material property between two specimens was
negligible, but also the axial and rotational stiffness provided by boundary condition were almost
identical. Right after the start of sustained loading of Specimen A90, axial force increased with a
rate milder than that during the initial loading. However, after 9 hours of sustained loading, the
axial force started to decrease but with obvious fluctuations. The trend of decrease in axial force
persisted during the remaining period of sustained loading so that, by the end of sustained loading,
the axial force was similar to that at the start of sustained loading. The axial force fluctuation was
due mainly to creep and the adjustment of load back to the target load. In contrast, during the
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sustained loading of Specimen A95 subjected to a greater sustained load, the axial force kept
increasing.
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Figure 4.9 Comparison of load-deflection-axial force response of Group A specimens.

Table 4.2 Summary of experimental results of Group A specimens
Specimen

A90

A95

Measured variable

F
(kips)

Δ
(in.)

P
F
(kips) (kips)

Δ
(in.)

P
(kips)

Yielding at center

5.25

0.667

8.97

5.91

0.791

10.9

Yielding at supports

8.59

1.77

25.2

8.40

1.55

21.7

Start of sustained loading

8.65

1.73

25.0

9.00

2.01

26.9

End of sustained loading

8.65

2.96

24.8

8.96

2.38

29.3

Peak load

9.16

3.24

25.5

‒

‒

‒

Maximum axial force

8.31

3.66

29.8

8.53

3.09

30.8
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After the sustained loading, Specimen A90 was loaded to failure within a short time;
however, Specimen A95 was unable to resist the sustained load and experienced a failure. During
the second short-time loading period (reloading to failure), Specimen A90 achieved the maximum
load of Fmax = 9.16 kips when the center deflection was Δ = 3.24 in. and the corresponding axial
force was P = 25.5 kips. However, the maximum load resisted by Specimen A95 was the applied
sustained load (Fsus = 9.00 kips) with a deflection of Δ = 2.38 in. and an axial force of P = 29.3
kips prior to losing the sustained load-carrying capacity. The load in Specimen A90 started to
decrease after reaching its maximum and the load decreasing rate was very similar to that in
Specimen A95. The different in center deflections at the maximum axial force was 1.66 in. between
the two specimens.

4.2.2. F--P Response of Specimens with ln/h = 7.5
Specimen B80/90 ‒ Figure 4.10 shows the load-deflection-axial force (F--P) response of
Specimen B80/90 loaded at an age of t0 = 381 days. To investigate the effects of loading history
on the structural behavior of axially restrained beams under high sustained loads, this specimen
experienced two levels of sustained load, each with a duration of 10 days. The applied sustained
load levels were 80% and 90% of the predicted short-time loading capacity considering axial
restraining effects, which was equal to Fu = 14.1 kips evaluated based on fc' = 4260 psi at t0. The
predicted loading capacity of the beam without considering axial restraints was Fu,o = 8.56 kips at
t0. Fu and Fu,o are shown in Figure 4.10 by the dashed lines. The specimen was loaded in a short
time to the first target sustained load of Fsus,1 = 0.8Fu = 11.2 kips. During the early stage of this
process, the center column displaced almost linearly with the load. The passively developed axial
force was not obvious until the load reached 1.01 kips and the column displaced for 0.035 in. When
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F = 0.95 kips and Δ = 0.031 in., narrow flexural cracks appeared at the beam-column interface,
which decreased the slope of load-deflection curve. Immediately after the cracking, axial force P
grew and reached 1.63 kips when flexural cracks were also observed at the supports at F = 1.66
kips and Δ = 0.093 in. Similar to the Group A specimens, the restraining effects prevented severe
stiffness degradation due to flexural cracking at the supports.
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Figure 4.10 Load-deflection-axial force response of Specimen B80/90.

As the load further increased, the flexural cracks increased in numbers, depth, and width
in the beams near the center column and the supports. When the load reached F = 7.75 kips,
flexural yielding occurred at the center column, which reduced the stiffness by approximately 42%.
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Despite the stiffness reduction, the axial force kept increasing with the same slope. Under a loading
rate of 0.3 kips/min, the initial short-time loading used 33 minutes to reach the first target sustained
load Fsus,1 when Δ = 0.716 in. and P = 21.9 kips. Figures 4.11 (a) and (b) show the Specimen
B80/90 before and after the initial short-time loading.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.11 Specimen B80/90 at different loading stages: (a) start of test, (b) start of the first sustained
loading (Δ = 0.716 in.), (c) end of the first sustained loading (Δ = 0.851 in.), (d) start of the second sustained
loading (Δ = 0.943 in.), (e) end of the second sustained loading (Δ = 1.04 in.), and (f) completion of entire
test (Δ = 3.04 in.).
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During the first sustained loading, the load was maintained within a range of 11.2± 0.25
kips. Right after the start of sustained loading, load dropped to 11.0 kips. This reduced the slope
of the axial force-deflection curve and the axial force increased with a milder slope and reached
23.1 kips, while the deflection increased from 0.716 to 0.793 in. Due to a load adjustment from
11.1 to 11.4 kips, an obvious increase in axial force occurred at P = 23.1 kips. After this, the axial
force gradually decreased due to creep. The small fluctuations in the decreasing axial force were
caused by load adjustments: each time after the load was adjusted back to the target sustained load,
the axial force initially increased and then decreased over time until the next load adjustment. The
first sustained loading was terminated after 10 days when the average daily increase in deflection
was less than 0.003 in. At the end of sustained loading, the axial force was P = 21.1 kips, and
deflection was Δ = 0.851 in. During the 10 days of sustained loading, the column deflection
increased by 19% and the axial force decreased by 4%. Figure 4.11 (c) shows the specimen at the
end of the first sustained loading.
After completing the first sustained loading, the specimen was loaded in a short time to
reach the second target sustained load of Fsus,2 = 0.9Fu = 12.6 kips. At that time (t = 391 days), the
concrete cylinder strength was fc' = 4260 psi. The initial slope of the load-deflection curve during
the second short-time loading was about 360% greater than the slope toward the end of the initial
short-time loading and approximately 140% greater than the secant slope at the load of 2.0 kips.
This indicates that the first stage of sustained loading significantly increased concrete stiffness.
Additionally, the axial force increased with a slope almost the same as that during the first shorttime loading. The second short-time loading took about 5 minutes to reached Fsus,2, when Δ = 0.943
in. and P = 25.1 kips. Figure 4.11 (d) shows the specimen at the beginning of the second sustained
loading.
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During the second sustained loading, the load was well maintained, with a tolerance of 0.05
kips. With the same slope during the previously second short-time loading, the axial force initially
increased from 25.1 to 26.3 kips when the deflection increased from 0.943 to 0.983 in. Afterwards,
the axial force decreased as the deflection increased; however, the deceasing rate was lower than
that during the first sustained loading likely due to the reduced degree of concrete creep. Again,
fluctuation of axial force was observed whenever the load was adjusted. The second sustained
loading was completed also after 10 days, when the average daily increase in deflection was less
than 0.003 in. By the end of the second sustained loading, the deflection was 1.04 in. and the axial
force was 26.0 kips. The second sustained loading caused the deflection and axial force to increase
by 10% and 4%, respectively. Figure 4.11 (e) shows the specimen after completing the second
sustained loading.
After the second sustained loading, the specimen was reloaded to failure in a short time.
The second sustained loading increased beam stiffness again, as shown in Figure 4.10 by the initial
slope of load-deflection curve during this loading process. As the short-time loading started, the
deflection increased. When the center deflection reached 1.14 in., beam concrete crushing occurred
near the center column, which reduced the stiffness of the beam and thus the slope of the F-Δ
curve. Immediately following concrete crushing at the center, flexural yielding occurred at the
supports, causing the slope of F-Δ curve to further decrease. As the loading proceeded, concrete
crushing happened at the supports when F = 14.7 kips and Δ = 1.53 in. The peak load was Fmax =
14.7 kips, which was achieved when Δ = 1.64 in. The peak load was 72% higher than Fu,o due to
compressive arch action resulting from restrained beam elongation. Also, the peak load was 4%
greater than Fu, likely due to the previous sustained loading. Additionally, Fmax was 17% higher
than the second target sustained load, and the deflection at Fmax was 58% greater than that at the
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end of the second sustained loading. The axial force at Fmax was P = 40.7 kips = 0.23Po, where Po
is the nominal beam axial strength defined based on ACI 318-19 (2019). The load dropped after
reaching its maximum, while the axial force kept increasing until reaching its maximum of Pmax =
43.5 kips at Δ = 2.07 in. Afterwards, the axial force gradually decreased. The test was terminated
when F = 12.0 kips, Δ = 3.04 in., and P = 39.9 kips. Figure 4.11(f) shows the specimen at the
completion of entire testing.
Figure 4.12 plots the measured deflections of Specimen B80/90 at the initial position, the
start and end of the first and second sustained loading, and the completion of the test. The
deflection at the center column almost doubled that at the midspans. A symmetric deflection
response can be noticed until the end of the second sustained loading. As mentioned previously,
the first concrete crushing occurred when the center column has been displaced for Δ = 1.14 in.
As the loading progressed, concrete crushing occurred at both the center column and the supports.
This significantly softened the specimen so that it became difficult to achieve a symmetric
deflection response. Hence, the deflection shape at the peak load was not as symmetric as
previously and the difference between the midspan deflections at the right and left sides increased
further. By the end of testing, the midspan deflection at the left was about 14% higher than that at
the right.
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Figure 4.12 Deflection shape of Specimen B80/90.

79

Specimen B90/100 ‒ Figure 4.13 shows the F--P response of Specimen B90/100. The
specimen was loaded at t0 = 413 days when concrete cylinder strength was fc' = 4260 psi. Similar
to Specimen 80/90, two levels of sustained load, Fsus,1 ≈ 0.9Fu and Fsus,2 ≈ Fu, were applied to
Specimen 90/100. The dash lines in Figure 4.13 represent the predicted short-time loading capacity
with and without considering axial restraining effects, i.e., Fu = 14.1 kips and Fu,o = 8.56 kips. The
actual sustained load levels were Fsus,1 = 0.89Fu and Fsus,2 = 1.01Fu. To reach the first target
sustained load of Fsus,1 = 0.89Fu, the specimen was subjected to an approximate loading rate of 0.3
kips/min.
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Figure 4.13 Load-deflection-axial force response of Specimen B90/100.
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As the loading began, the center column displaced almost linearly with respect to the load.
Flexural cracking near the center column was observed when the load was 1.07 kips and deflection
was 0.015 in. The cracking reduced specimen stiffness by 26%. Axial force was not developed
until the deflection reached Δ = 0.031 in. Since then, both load and axial force increased almost
linearly with deflection. Flexural cracks were observed at the supports when F = 2.09 kips and Δ
= 0.069 in; however, due to the axial compression force, cracking at the supports did not result in
a stiffness degradation.
Once the load reached 7.85 kips and the center column was displaced for 0.407 in., beam
flexural yielding occurred at the left side of the center column. The yielding reduced the specimen
stiffness by 33%. However, the axial force kept increasing. When the load reached 8.83 kips and
deflection increased to 0.484 in., beam also yielded at the right side of the center column, causing
a 30% reduction of stiffness. The initial short-time loading took 27 minutes to reach Fsus,1 = 0.89Fu
= 12.6 kips; at that moment, the axial force was 28.8 kips and deflection was 0.921 in. Figure 4.14
(a) and (b) show the specimen at the initial position and the start of the first sustained loading.
During the first sustained loading, the applied load was maintained within 12.6 ± 0.05 kips.
The center deflection ∆ increased over time. Under the increasing deflections, the axial force P
initially increased to 30.1 kips, when ∆ reached 1.03 in., and then decreased due to creep. Note
that, whenever the load was adjusted, P increased right after the load adjustment but then decreased
over time, causing fluctuations in the measured P. The first sustained load was completed after 30
days, when F = 12.65 kips, Δ = 1.19 in., and P = 29.1 kips. The first sustained loading increase
center deflection ∆ by 29% and axial force P by only 1%. Figure 4.14 (c) shows the specimen at
the end of the first sustained loading.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.14 Specimen B90/100 at different loading stages: (a) start of test, (b) start of the first sustained
loading (Δ = 0.921 in.), (c) end of the first sustained loading (Δ = 1.19 in.), (d) start of the second sustained
loading (Δ = 1.375 in.), (e) end the second sustained loading (Δ = 1.99 in.), and (f) completion of entire test
(Δ = 3.21 in.).
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After the completion of the first sustained loading, the specimen was reloaded within 10
minutes to reach the second target sustained load of Fsus,2 = 1.01Fu = 14.3 kips. As shown in Figure
4.13, the specimen was slightly overloaded by 0.2 kips during this process so that the load reached
14.5 kips. This, however, should not cause any significant effect on the second sustained loading
behavior. The first sustained loading resulted in an increased stiffness, an observation also made
in Specimen B80/90, so that the stiffness during the second short-time loading was 200% greater
than that at the end of the initial short-time loading and 130% greater than the secant stiffness at
the load of 2.0 kips during the initial short-time loading. However, once flexural yielding occurred
at the supports at F = 13.7 kips and Δ = 1.26 in, the stiffness started decreasing. Following this
event, concrete crushing occurred at the beam-column interface, causing further stiffness decrease.
At that moment, the axial force P = 35.2 kips and Δ = 1.33 in.
Figure 4.14 (d) shows the specimen at the beginning of the second sustained loading. After
the slight overloading in the very beginning, the load was monitored and controlled within 14.3 ±
0.05 kips. The specimen resisted this level of sustained load for 66 minutes. During this period,
the axial force consistently increased with deflection. Concrete crushing was observed at the right
and left supports when the center deflection reached 1.90 and 1.95 in., respectively. The concrete
crushing caused the load to drop below the sustained load and the second sustained loading was
completed when F = 14.25 kips, Δ = 1.99 in, and P = 44.1 kips.
During the second sustained loading, the deflection increased by 36% and axial force by
25%. Figure 4.14 (e) shows the specimen at the end of the second sustained loading. After the
specimen failed to carry the sustained load, the axial force kept increasing until reaching its
maximum of Pmax = 45.4 kips = 0.25Po at Δ = 2.38 in. Then, the axial force gradually decreased.
The test was ended when F = 12.1 kips, Δ = 3.21 in. and P = 43.3 kips. Figure 4.14 (f) shows the
specimen at the end of the entire test.
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Figure 4.15 shows beam deflection contour at the initial position, the start and end of the
two levels of sustained loading, and the end of the test. The deflection at midspan of each beam
segment was about half of that at the center column. An almost perfectly symmetric deflection
response between the left and right beam segments was observed until the end of the first sustained
loading. Afterwards, during the second short-time loading, concrete crushing occurred at the center
column, which gradually initiated a slightly asymmetric deflection response. As the loading
continued, concrete crushing occurred at the supports as well. By the end of the 2nd sustained
loading, when the specimen failed to carry the sustained load, the deflection was still relatively
symmetric. As the loading capacity decreased, it was difficult to achieve a symmetric deflection;
when the loading was terminated, the deflection at the midspan of the right beam was 11% greater
than that of the left beam.
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Figure 4.15 Deflection shape of Specimen B90/100.

Specimen B95 ‒ Figure 4.16 shows the F--P response of Specimen B95 loaded at an age
of t0 = 480 days when concrete cylinder strength was fc' = 4260 psi. A sustained load Fsus of 0.95Fu
= 13.4 kips was applied for 30 days. The dash lines in Figure 4.16 represent Fu = 14.1 kips and
Fu,o = 8.56 kips calculated using fc' measured at t0. The specimen was first loaded with an
approximate rate of 0.3 kips/min to reach Fsus. At F = 1.12 kips and Δ = 0.026 in., flexural cracks
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appeared at the beam sections near the center column, which reduced stiffness by 37%. Axial force
started to develop after Δ became greater than 0.045 in. As the load increased to 2.07 kips and the
deflection reached 0.076 in., flexural cracks were observed at the supports. The axial force
prevented notable stiffness degradation caused by the cracking at the supports. Therefore, the load
still almost linearly increased with respect to deflection. When the load reached F = 8.16 kips and
Δ = 0.405 in., flexural yielding occurred near the center column and reduced specimen stiffness
by 42%. Loading was then continued until reaching Fsus = 13.4 kips. The entire initial short-time
loading took about 32 minutes. At the end of the initial short-time loading, the axial force was P
= 30.7 kips and Δ = 0.986 in. Figures 4.17 (a) and (b) show the specimen at the initial position and
the beginning of sustained loading.
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Figure 4.16 Load-deflection-axial force response of Specimen B95.

85

(a)

(b)

(c)

(d)

Figure 4.17 Specimen B95 at different loading stages: (a) start of test, (b) start of sustained loading (Δ =
0.986 in.), (c) end of sustained loading (Δ = 1.32 in.), and (d) completion of entire test (Δ = 2.65 in.).

After reaching Fsus = 13.4 kips, the load was controlled within 13.4 ± 0.15 kips. During
the sustained loading, the axial force initially increased to 32.0 kips while deflection reached 1.11
in. Then, due to creep over time, the axial force dropped to 30.2 kips with fluctuations caused by
load adjustments, while the deflection increased to 1.28 in. The lowest axial force during the
sustained loading was 30.1 kips at a deflection of 1.28 in. Afterwards, as the deflection increased,
the axial force began to increase again. However, in the increasing portion of the axial forcedeflection curve, the axial force fluctuated between 30.9 and 34.9 kips. The sustained loading was
completed after 30 days, when the average daily increase in deflection became less than 0.003 in.
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At the end of the sustained loading, the specimen had Δ = 1.32 in. and P = 32.2 kips. Figure 4.17
(c) shows the specimen at the end of the sustained loading.
The specimen was then reloaded to failure in a short time. Similar to other specimens, the
overall stiffness of Specimen B95 at the beginning of the second short-time loading was 150%
greater than that at the end of the initial short-time loading, and 125% greater than that at the start
of the initial short-time loading. At F = 13.9 kips and Δ = 1.35 in., concrete crushing occurred at
the beam section near the center column and decreased the stiffness by almost 65%. When the load
F reached 14.3 kips at Δ = 1.42 in., flexural yielding occurred at the supports, which further
decreased specimen stiffness. The peak load was Fmax = 14.6 kips, achieved at Δ = 1.57 in. and
about 3.5% greater than Fu. This slight enhancement may be due to the strengthening effects of
sustained loading. Due mainly to the axial restraint, Fmax was almost 70% greater than Fu,o. When
Fmax was achieved, concrete crushing occurred at the supports, causing the load to drop. During
the second short-time loading, the axial force increased with a slope similar to that during the
initial short-time loading. The maximum axial fore was recorded as Pmax = 43.9 kips at Δ = 2.28
in. when the loading capacity has already reduced. Then the axial force gradually decreased. The
test was ended once the load was below 0.85Fmax. At the end of the test, F = 12.4 kips, Δ = 2.65
in., and P = 42.3 kips. Figure 4.17 (d) shows the specimen at the end of the test.
Figure 4.18 shows the deflection shape of Specimen B95 at different loading stages. The
center deflection was approximately twice of that at the midspan of each beam segment. At the
end of the sustained loading, the deflection response was almost perfectly symmetric between the
left and right beam segments. During the second short-time loading to failure, once concrete
crushing occurred and the loading capacity decreased, the deflection response became asymmetric.
At the end of the test, the midspan at the left beam was about 11% greater of that at the right.
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Figure 4.18 Deflection shape of Specimen B95.

Figure 4.19 compares the F--P response of Specimens B80/90, B90/100, and B95, which
had same fc', Fu, and Fu,o. During the initial short-time loading, B90/100 and B95 had nearly same
F--P response but Specimen B80/90 deflected about 10% more than B90/100 and B95. The
difference, however, was reduced at higher loads. The small variations of F--P response among
the three specimens during the initial loading indicated a limited material property variation;
moreover, the similar axial force evolution indicates the consistent restraining effects provided by
the boundary conditions. In each specimen, the axial force was not developed until flexural
cracking at the center. Flexural cracks were then observed at the supports. The load and deflection
at beam cracking were comparable among all specimens.
As the loading continued, the load and axial force increased almost linearly with respect to
deflection. Once flexural yielding occurred at the center, the slope of load-deflection curve
decreased while the axial force kept increasing. Immediately after a specimen was loaded to the
first target sustained load, the axial force continuously increased but with a milder slope than that
during the initial loading; then creep caused the axial force to decrease with fluctuations due
mainly to load adjustments. In general, higher sustained loads resulted in greater degree of axial
force fluctuation. The decrease trend of axial force persisted in all specimens so that, by the end
of sustained loading, the axial force was almost equal to that at the beginning of sustained loading.
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Figure 4.19 Comparison of F--P response of Group B specimens.

After completing the first sustained loading, the specimens were loaded to reach either the
second sustained load level or a failure. Due to the strengthening effects of sustained loading, the
initial stiffness during this process was significantly higher than the tangential stiffness prior to the
sustained loading. The stiffness increase was 360%, 200%, and 150% in Specimens B80/90,
B90/100, and B95, respectively. Additionally, the increased stiffness was approximately 140%,
130%, and 125% greater than the secant stiffness at a load of 2.0 kips during the initial loading in
Specimens B80/90, B90/100, and B95, respectively. The flexural yielding at the supports occurred
under comparable loads and deflections. The yielding was followed by concrete crushing at the
critical sections, which caused the load to decrease gradually. Specimens B80/90 and B95 were
loaded in a short time to failure after sustained loading, whereas B90/100 failed under the sustained
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load. For B80/90 and B95, the peak load was about Fmax = 14.7 kips, achieved at around  = 1.6
in. Thus, the sustained load history and level did not affect the final short-time loading capacity.
Along with load decrease, the axial force kept increasing, reached its maximum, and then
slowly decreased. Despite the different loading history, the maximum axial forces Pmax in the three
specimens were almost the same, with a difference less than 5%, and the deflections at Pmax were
similarly achieved at around  = 2.2 in. Both B80/90 and B90/100 experienced a sustained load
Fsus = 0.9Fu. However, B80/90 was first applied with a sustained load of 0.8Fu for 10 days.
Because of this earlier sustained loading, the axial force at the start of the second sustained loading
under Fsus = 0.9Fu was 13% lower than that of B90/100. As Figure 4.19 shows, when  ≥ 1.5 in.,
the three specimens had almost the same descending branch of F--P response. In other words,
the axially restrained beams of the Group B specimens, with ln/h = 7.5 and subjected to Fsus ≥
0.8Fu for at least 20 days, behaved almost identically after reaching the peak load or losing the
sustained loading capacity. Table 4.3 shows a summary of the test results including load, center
deflection, and axial force for Specimens B80/90, B90/100, and B95.

Table 4.3 Summary of experimental results of Group B specimens
Specimen

B80/90

B90/100

B95

Measured variable

F
(kips)

Δ
(in.)

P
F
(kips) (kips)

Δ
(in.)

P
F
(kips) (kips)

Δ
(in.)

P
(kips)

Yielding at center

7.75

0.423

10.8

7.53

0.378

10.6

8.16

0.405

11.6

Yielding at supports

13.7

1.14

30.0

13.7

1.26

31.3

14.4

1.57

38.8

st

11.2

0.716

21.9

12.6

0.921

28.8

13.4

0.986

30.7

st

11.2

0.851

21.1

12.6

1.19

29.1

13.4

1.32

32.2

nd

Start of 2 sustained loading

12.6

0.943

25.1

14.3

1.38

35.2

-

-

-

End of 2nd sustained loading

12.6

1.04

26.0

14.3

1.99

44.1

-

-

-

Peak load

14.7

1.64

40.7

-

-

-

14.6

1.57

38.8

Maximum axial force

14.1

2.07

43.5

13.6

2.38

45.4

13.4

2.28

43.9

Start of 1 sustained loading
End of 1 sustained loading
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4.3. DEFLECTION CREEP DURING SUSTAINED LOADING
4.3.1. Deflection Creep of Group A Specimens with ln/h = 10.6
Figure 4.20 shows deflection time history of Specimen A90 (t0 = 267 days) during
sustained loading. As mentioned previously, the center deflection of this specimen was 1.73 in. at
the beginning of sustained loading. The maximum creep rate in A90 happened during the first day
of sustained loading. After only one day of sustained loading, the deflection increased by 26% and
reached 2.21 in. By the end of the fifth day of sustained loading, the deflection further increased
by 9.6% and reached 2.42 in. As time elapsed, the rate of defection increase became even lower
so that during the next 36 days of the loading, the deflection increased by only 16% and reached
2.82 in. On the 42nd day of sustained loading, a new crack was formed near the left support,
causing the deflection to suddenly increase by 0.08 in. Since then, the deflection rate was low and,
on average, approximately equal to 0.002 in./day. Note that, during the entire 50 days of sustained
loading, the deflection increased primarily when the dropped load was adjusted back to the target
sustained load. Therefore, the slight fluctuations in deflection shown in Figure 4.20 occurred
mainly during the load adjustments.

3.5
3

Deflection (in.)

2.5
2
1.5
1

0.5
0
0

5

10

15

20

25

30

35

40

45

50

55

t - t0 (day)

Figure 4.20 Deflection time history during sustained loading of Specimen A90.
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Figure 4.21 shows deflection versus time in the scale of minute for Specimen A95 (t0 =
331 days) during the sustained loading because this specimen could resist the sustained load for
only three minutes. At the start of sustained loading, the specimen had a deflection of 2.01 in.
Compared to A90, the deflection rate of A95 during sustained loading was much greater.
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Figure 4.21 Deflection time history during sustained loading of Specimen A95.

A deflection creep coefficient, 𝜆, is defined as the ratio of increase in deflection during
sustained loading to the deflection at the beginning of sustained loading. Figure 4.22 shows the
evolution of 𝜆 for Specimens A90 and A95. Because creep occurred rapidly during the initial
period of sustained loading and A95 lost sustained loading capacity in just three minutes,
logarithmic scale is used for the horizontal axis representing t-t0. After the start of sustained
loading, the load applied to A90 immediately dropped and was not adjusted until t-t0 = 0.6 minute
(0.0004 day). Because of the load drop, the deflection was nearly constant during this very short
time. Afterwards, the deflection increased, resulting in greater 𝜆 . The sudden deflection increase,
which occurred on the 42nd day of sustained loading due to flexural-shear cracking, caused creep
coefficient to suddenly increase from 0.63 to 0.68. At the completion of sustained loading, creep
coefficient was 𝜆 = 0.71 and 0.18 for Specimens A90 and A95, respectively.
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Figure 4.22 Creep coefficient of Group A specimens.

4.3.2. Deflection Creep of Group B Specimens with ln/h = 7.5
Figure 4.23 shows the deflection time history of Specimens B80/90 (t0 = 381 days),
B90/100 (t0 = 413 days), and B95 (t0 = 480 days) during sustained loading. As mentioned
previously, the center column of B80/90 was Δ = 0.716 in. at the beginning of the first sustained
loading under Fsus,1 = 0.8Fu. During the first 6 hours, creep had the maximum rate; as a result, Δ
increased by 11% and reached 0.793 in. By the end of the first day, Δ was 0.811 in., which was
13% greater than that at the start of the initial sustained loading. Afterwards, the deflection increase
rate became lower. When the first sustained loading was terminated after 10 days of loading, Δ
was 0.851 in., which was 19% greater than that at the start of the first sustained loading. During
the second sustained loading under Fsus,2 = 0.9Fu, the initial deflection was 0.943 in. After one day
of loading, the center deflection increased by 5% and reached 0.992 in. Although the second
sustained loading had a greater load, the deflection increase rate during the first day was only about
40% of that during the first day of the first sustained loading, indicating that the previous sustained
loading reduced creep rate during the consecutive sustained loading. After 10 days of loading,
when the second sustained loading was ended, Δ = 1.04 in., leading to a 10% deflection increase.
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Figure 4.23 Deflection time history of Group B specimens during sustained loading.

Specimen 90/100 resisted the first level of sustained load (Fsus,1 = 0.9Fu) for 30 days and
the second one (Fsus,2 = Fu) for almost an hour (not shown in Figure 4.23 due to the short duration).
At the beginning of the first sustained loading, the deflection was 0.921 in. After one day, the
deflection increased by about 15% and reached 1.06 in. In comparison, under the second sustained
loading of Fsus = 0.9Fu, Specimen B80/90 had a deflection increase of only 5% after one day.
Additionally, after carrying the sustained load of 0.9Fu for 10 days, Δ of Specimen B90/100
increased by 23%. However, under the same level and same 10-day duration of sustained load, Δ
of Specimen B80/90 increased by only 10%. This again indicates the enhancement effect of
previous sustained loading on reducing creep rate. Note that, under the same level of sustained
load at 0.9Fu, the daily average deflection increase became less than 0.003 in. after 30 days in
B90/100, but only 10 days in B80/90. In other words, the previous sustained loading reduced the
time needed for a specimen with ln/h = 7.5 to have a center deflection less than 0.003 in.
By the end of the first sustained loading for 30 days, Δ of B90/100 increased by 29% and
reached 1.19 in. This specimen was then applied with a higher sustained load of Fsus,2 = Fu. Figure
4.24 shows the deflection time history during the second sustained loading. Starting from Δ = 1.38
94

in., the deflection initially increased with a sharp slope and then a milder one. Between 15 and 50
minutes of loading, the deflection increased almost linearly with respect to time. The specimen
then experienced a tertiary creep because the deflection rate became greater and greater. At the
end of sustained loading when the specimen lost its sustained loading capacity, Δ = 1.99 in., which
was 44% greater than that at the start of the second sustained loading.
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Figure 4.24 Deflection time history of Specimen B90/100 during the second sustained loading.

Figure 4.25 shows the evolution of deflection creep coefficient 𝜆 for the Group B
specimens. The specimens loaded with two levels of sustained load are defined with two different
initial deflections to calculate the creep coefficients. Because Specimen B90/100 resisted the
second sustained loading for only 66 minutes, logarithmic scale of t-t0 was used. As the deflection
increased, creep coefficient became larger. Specimen B80/90 had 𝜆 = 0.19 at the end of the first
sustained loading under Fsus,1 = 0.8Fu, but 𝜆 was only 0.10 at the end of the second sustained
loading under Fsus,2 = 0.9Fu. Thus, the first sustained loading reduced the creep coefficient during
the second sustained loading if it did not cause a tertiary creep. Specimen B90/100 had 𝜆 = 0.29 at
the end of the first sustained loading under Fsus,1 = 0.9Fu. This 𝜆 value was 290% greater than 𝜆 =
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0.10 of Specimen B80/90 under Fsus,2 = 0.9Fu, indicating again the effect of the previous sustained
loading on 𝜆. B90/100 entered a tertiary stage of creep during the second sustained loading,
causing a failure to occur when 𝜆 = 0.41. Specimen B95, subjected to Fsus = 0.95Fu for 30 days,
had 𝜆 = 0.34 at the end of sustained loading.
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Figure 4.25 Creep coefficient time history of Group B specimens.

4.4. DAMAGE PATTERN
4.4.1. Damage to Group A Specimens with ln/h = 10.6
Specimen A90 ‒ Figure 4.26 shows the crack pattern of A90 at the start and end of sustain
loading. In general, the cracks were symmetric between the left and right beam segments. The
cracks shown by the black lines were caused by the short-time loading, and the red lines represent
the new and extended cracks due to sustained loading. Table 4.4 summarizes the maximum crack
depth and the maximum width at the two loading stages. In the following descriptions, crack depth
and width refer to the maximum values. Immediately after the initial short-time loading, a few
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cracks with a width of 0.02 in. were observed at the supports. These cracks were 4.69 and 4.88 in.
deep at the left and right supports, respectively. Cracks with a width of 0.03 in. and a depth of 5.81
in. were generated in the beam at the left side of the center column. At its right side, the crack
width was 0.04 in. and the depth was 5.72 in. All cracks during the initial short-time loading were
flexural cracks. The length of cracked beam portion, measured from critical sections at the support
or the center column, is also given in Table 4.5. The cracked beam length immediately after the
initial loading was 14.3 and 17.0 in. due to negative bending at the left and right supports, and 16.2
and 13.1 in. due to positive bending at the left and right sides of the center column, respectively.

Start of sustained loading

End of sustained loading

Figure 4.26 Crack pattern of Specimen A90 at the end of short-time and sustained loading.

Table 4.4 Crack properties of A90 critical sections during sustained loading (unit: in.)
Stage of sustained loading
Beginning
End

Properties
Width
Depth
Width
Depth

Critical section location
Left support

Left center

Right center

Right support

0.02
4.69
0.024
5.19

0.03
5.81
0.05
6.42

0.04
5.72
0.05
6.50

0.02
4.88
0.024
7.10

Table 4.5 Cracked beam length at A90 critical sections during sustained loading (unit: in.)
Stage of sustained loading
Beginning
End

Critical section location
Left center
Right center
16.2
13.1
19.6
21.9

Left support
14.3
26.2
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Right support
17.0
30.3

The sustained loading increased the numbers, depth, and width of the cracks. The
development of new cracks resulted in an extension of the cracked beam length. Because of the
moment redistribution between positive and negative bending during the sustained loading, the
extension of cracked beam length at the supports was greater than at the center. At the end of the
sustained loading, the beam was cracked over a length of 26.2 and 30.3 in. at the left and right
supports; however, the cracked beam length was 19.6 and 21.9 in. at the left and right sides of the
center column. The crack width increased to 0.024 in. and 0.05 in. at the supports and the center
column. The crack depth was extended to 5.19 and 5.81 in. at the left and right supports, and 6.42
and 7.10 in. at the left and right sides of the center column, respectively.
Specimen A95 ‒ Figure 4.27 shows the damage to the critical sections of Specimen A95
at the completion of entire test. The specimen at right center experienced much more severe
concrete crushing than at other critical sections.

(a)

(b)

(c)
(d)
Figure 4.27 Damage pattern at critical sections of Specimen A95: (a) left support, (b) left center, (c)
right center, and (d) right support.
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4.4.2. Damage to Group B Specimens with ln/h = 7.5
Specimen B80/90 ‒ Figure 4.28 shows the crack pattern of Specimen B80/90 at the start
and end of the first and second sustain loading. The cracks were almost symmetric between the
left and right beam segments in terms of number, width, and depth. Before the first sustained
loading, cracks with a width of 0.008 in. (0.2 mm) were formed near the supports and the center
column. The crack depth was 6.13 and 4.44 in. at the left and right sides of the center column, and
4.28 and 3.83 in. at the left and right supports, respectively. During the 10-days sustained loading
under Fsus,1 = 0.8Fu, the cracks were extended and widened. At the end of the first sustained
loading, the cracks were 0.02-in. wide at the left and right sides of the center column and 0.01-in.
wide at both supports; meanwhile, the crack depth was 6.29 and 5.58 in. at the left and right sides
of the center column and 5.22 and 4.86 in. at the left and right supports.

Start of 1st sustained loading

End of 1st sustained loading

Start of 2nd sustained loading

End of 2nd sustained loading

Figure 4.28 Crack pattern of Specimen B80/90 at start and end of first and second sustained loading.
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After completing the first sustained loading, the specimen was loaded in a short time to
reach Fsus,2 = 0.9Fu. Concrete cracking was expanded by this process so that the cracks were 0.05in. and 0.04-in. wide at the left and right sides of the center column and 0.01-in. wide at both
supports; additionally, the cracks were 6.41-in. and 5.94-in. deep at the left and right sides of the
center column, and 5.58-in. and 5.22-in. deep at the left and right supports. At the end of the 10days second sustained loading, the cracks were 0.07-in. wide at the left and right sides of the center
column and 0.04-in. wide at both supports. The crack depth was 6.95 and 6.13 in. at the left and
right sides of the center column, as well as 5.63 and 5.91 in. at the left and right supports,
respectively. Table 4.6 summarizes the maximum crack depth and width at the start and end of the
two levels of sustained loading.

Table 4.6 Crack properties of B80/90 during first and second sustained loading (unit: in.)
Stage of sustained loading
Beginning of the first
End of the first
Beginning of the second
End of the second

Properties

Location
Left support

Left center

Right center

Right support

Width
Depth
Width
Depth

0.008
4.28
0.01
5.22

0.008
6.13
0.02
6.29

0.008
4.44
0.02
5.58

0.008
3.83
0.01
4.86

Width
Depth
Width
Depth

0.01
5.58
0.04
5.63

0.05
6.41
0.07
6.95

0.04
5.94
0.07
6.13

0.01
5.22
0.04
5.91

Table 4.7 summarizes the cracked beam length at both sides of Specimen B80/90. As seen
in this table, even though the cracks expanded in width and depth, the cracked beam length was
nearly unchanged over different loading stages. The only exception was that, at the end of the
second sustained loading, a new crack was observed at the right support, which increased the
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cracked beam length from 15.3 to 24.1 in. During the final short-time loading to failure, the cracks
increased in number, width, and depth at all critical sections.
Table 4.7 Cracked beam length at B80/90 critical sections during sustained loading (unit: in.)
Stage of sustained loading
Beginning of the first
End of the first
Beginning of the second
End of the second

Left support
13.3
13.3
13.3
13.3

Location
Left center
Right center
14.1
13.1
14.1
13.1
14.1
13.1
14.1
13.1

Right support
15.3
15.3
15.3
24.1

Specimen B90/100 ‒ Figure 4.29 shows the crack pattern of B90/100 at the start and end
of the first sustained loading under Fsus,1 = 0.9Fu. Table 4.8 summarizes the width and depth of the
cracks at the start and end of the first sustained loading. Immediately after the initial short-time
loading, the crack width was 0.02 in. at the left support, 0.01 in. at the right support, 0.04 in. at the
left center, and 0.03 in. at the right center. The depth of the cracks was 5.25, 4.00, 5.25, and 5.13
in. at the left and right supports and the left and right side of the center column, respectively.
During the 30 days of first sustained loading, the cracks were extended by combined shear and
flexure. At the end of the first sustained loading, crack width was 0.05 in. at both supports and
0.08 in. at both sides of the center. In addition, the cracks were extended to a depth of 6.30 and
6.13 in. at the left and right supports and 6.84 and 6.48 in. at the left and right sides of the center.

Start of 1st sustained loading

End of 1st sustained loading

Figure 4.29 Crack pattern of Specimen B90/100 at start and end of first sustained loading.
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Table 4.8 Crack properties of B90/100 during first sustained loading (unit: in.)
Stage of sustained loading
Beginning of the first
End of the first

Properties
Width
Depth
Width
Depth

Location
Left support

Left center

Right center

Right support

0.02
5.25
0.05
6.30

0.04
5.25
0.08
6.84

0.03
5.13
0.08
6.48

0.01
4.00
0.05
6.13

Before starting of the first sustained loading, the beam cracked length was 14.1 in. at the
left support and 16.4 in. at the right. The cracked beam length was 16.1 and 10.1 in. at the left and
right sides of the center column. Due to the emergence of new cracks, the cracked beam length
after the first sustained loading was extended to 20.8 in. at the left support and 13.3 in. at the right
side of the center but remained unchanged at the right support and left side of the center. Table 4.9
summarizes the beam cracked length of the critical sections immediately before starting and after
completing the first sustained loading. During the second sustained loading, the specimen failed.
Figure 4.30 shows the damage condition of this specimen at the end of entire testing. It is seen that
the right beam segment suffered more severe damage in the compressive regions.

Table 4.9 Cracked beam length at B90/100 critical sections during sustained loading (unit: in)
Stage of sustained loading
Beginning of the first
End of the first

Left support
14.13
20.8
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Location
Left center
Right center
16.13
10.13
16.13
13.25

Right support
16.38
16.38

(a)

(b)

(c)
(d)
Figure 4.30 Damage pattern at critical sections of Specimen B90/100: (a) left support, (b) left center,
(c) right center, and (d) right support.

Specimen B95 ‒ Figure 4.31 shows the crack pattern of Specimen B95 at the start and end
of sustained loading under Fsus = 0.95Fu. The initial short-time loading caused mainly flexural
cracks at the center and flexural-shear cracks at the supports. The crack width was 0.02 in. at the
supports and 0.04 in. at the center. The crack depth was 6.13 in at the left support, 5.88 in. at the
right support, 5.92 in. at the left center, and 6.13 in. at the right center. At the end of the 30 days
sustained loading, crack width increased to 0.06 in. at the supports and 0.09 in. at the center. The
crack depth was extended to 6.25 and 6.30 in. at the left and right supports and 6.72 and 6.50 in.
at the left and right sides of the center. However, during the sustained loading, the cracked beam
length remained unchanged as 20.8 in at the left support, 17.1 in. at the right support, 16.1 in. at
the left center, and 12.1 in. at the right center. Tables 4.10 and 4.11 summarize the crack width,
depth, and cracked beam at the start and end of sustained loading for Specimen B95.
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Start of sustained loading

End of sustained loading

Figure 4.31 Crack pattern of Specimen B95 at start and end of sustained loading.

Table 4.10 Crack properties of B95 during sustained loading (unit: in.)
Stage of sustained loading
Beginning
End

Properties
Width
Depth
Width
Depth

Location
Left support

Left center

Right center

Right support

0.02
6.13
0.06
6.25

0.04
5.92
0.09
6.72

0.04
6.13
0.09
6.50

0.02
5.88
0.06
6.30

Table 4.11 Cracked beam length at B95 critical sections during sustained loading (unit: in.)
Stage of sustained loading
Beginning
End

Left support
20.8
20.8

Location
Left center
Right center
16.13
12.13
16.13
12.13

Right support
17.13
17.13

4.4.3. Summary of Cracking Patterns


Considerable new cracks were generated in Specimen A90 during sustained loading.
Because the axial forces at the start and the end of the sustained loading test were almost
equal, the new cracks can be explained by the increased flexural demand caused by the
axial force-induced secondary order effects and the redistribution of bending moments
between the supports and specimen center.



Regardless of the level and duration of sustained loading, very few or even no new cracks
were generated in the Group B specimens; on the other hand, the cracks increased in terms
of both depth and width. This indicated that, for this series of shorter beams, the positive
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effects of axial force on beam flexural capacity exceeded the negative second order effects
of axial force on beam bending moment demand.
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CHAPTER 5
EXPERIMENTAL RESULTS OF LOCAL BEHAVIOR

5.1. REBAR AND CONCRETE STRAINS AT CRITICAL SECTIONS
The measured strains of tensile reinforcement at the critical sections are reported. Load
versus rebar strain response is plotted for each specimen to determine the yield loads. Strength
gains due to rebar strain hardening can increase the flexural strength of a beam. Thus, the steel
strain data were used to identify possible strain hardening so that the flexural capacity of a critical
section can be better evaluated. Note that, if a steel strain gauge was not crossed by a crack, the
strain measured from this gauge can be less than that at the cracked section.
Concrete longitudinal strain, εl, transverse strain, εt, and Poisson’s ratio, ν, at the
compressive face of the critical sections are reported. Because the center of a longitudinal strain
gauge was located 1.0 in. away from the critical section, the measured εl was less than that at the
critical section. Accordingly, the Poisson’s ratio ν, calculated as the negative ratio of measured εt
to εl at a location, was approximate. Concrete cover crushing is deemed to have occurred when εl
or εt dramatically decreased or spalling was visualized during a test, whichever occurred earlier.
The measured strain data beyond the concrete crushing are not presented. In general, beam
concrete crushing occurred earlier at the center column than at the supports; moreover, it was found
that concrete crushing at the supports triggered the loss of loading capacity during sustained
loading or the drop of load from the peak load during the short-time reloading to failure. If a steel
or concrete strain gauge at a location was deemed unfunctional during testing, the corresponding
strain data is not presented.
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5.1.1. Strains of Group A Specimens with ln/h = 10.6
Reinforcement Strains of Specimen A90 ‒ The measured strain response was relatively
symmetric between the left and right beam segments. Figure 5.1(a) shows the load versus tensile
strain response of beam bottom reinforcing bars at the center critical sections. The response was
almost linear prior to beam yielding. The first flexural yielding happened at the left side of the
center when Fy = 5.25 kips. Shortly, when the load reached 5.63 kips, yielding occurred at the right
side as well. Note that, due to the already existing tensile stress in the reinforcing bars caused by
specimen self-weight, the strain at yielding shown in Figure 5.1 was less than the yield strain
measured from the material property testing. Figure 5.1(b) shows the load versus tensile strain
response of the beam top bars at the supports. Flexural yielding occurred at both supports at the
start of the sustained loading when the load was Fy = 8.60 kips. At the peak load during the
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Figure 5.1 Load versus rebar strain of Specimen A90: (a) center and (b) supports.

Figure 5.2 shows the strain evolution during the 50-day sustained loading. Most of the
strain increase occurred within 0.1 day. After that, the rebar tensile strain changed little. At the
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start of sustained loading, the strain at the left and right supports were 0.00226 and 0.00210; at the
end of the sustained loading, these strains increased to 0.00401 and 0.00257, respectively. During
the first 42 days of the sustained loading, the strain increased by 22% at the right support and 23%
at the left support. The sudden strain increase at the left support occurred when a new crack was
formed and crossed the strain gauge.
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Figure 5.2 Specimen A90 rebar strain time history at supports during sustained loading.

Concrete Strains of Specimen A90 ‒ Figure 5.3(a) shows load versus longitudinal and
transverse concrete strains (εl and εt) near the center column. The strain responses were almost
identical between the left and right beam segments until the first flexural yielding occurred at the
left side of the center column under the load of Fy = 5.25 kips. The yielding softened the specimen,
causing a reduced slope of the load-deflection curve in Figure 4.3. Thus, εl at the left side of the
center column increased quicker than that at the right side. Additionally, εt of the left side also
increased quicker. As the initial short-time loading proceeded, both εl and εt increased. Right after
reaching the target sustained load of Fsus = 8.65 kips, flexural yielding occurred at the left support.
Once the sustained loading started, concrete crushing happened at the right side of the center
column with εl = 0.00255 and εt = 0.00140. At the beginning of sustained loading, the beam
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compressive face at the left side of center column had εl = 0.00359 and εt = 0.00140. Even if the
load was maintained constant, εl and εt at this location kept increasing; consequently, after only 24
minutes of sustained loading, concrete cover was crushed when εl = 0.00375 and εt = 0.00197.
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Figure 5.3 Load versus concrete strain response of Specimen A90: (a) center and (b) supports.

Figure 5.3(b) plots concrete strains at the two supports, which were almost identical. The
difference in longitudinal strain between the left and right supports was initiated when the first
cracking occurred at the supports at F = 1.44 kips; however, the maximum difference at various
loads was less than 16%. Note that, the flexural yielding at the center, which occurred at Fy = 5.25
kips, gradually increased longitudinal and transverse concrete strains at the supports. Figure 5.4
shows the concrete strain time histories at the supports and left side of the center during sustained
loading. At the start of sustained loading, left side of the center had εl = 0.00359 and εt = 0.00140.
Also, the beam compressive face had εl = 0.00161 and εt = 0.000524 at the right support and εl =
0.00182 and εt = 0.000637 at the left support. Due to concrete crushing, the strain gauge at the
center left became unfunctional after 24 minutes of sustained loading. At that time, the
compressive face of the center left had εl = 0.00375 and εt = 0.00197.
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As Figure 5.4(b) shows, within the first minute of loading, yielding happened at the right
support, causing εl to increase to 0.00165. After the first 10 days of sustained loading, εl and εt at
supports increased by 88% and 64%, respectively. The increase rate of both types of concrete strain
became lower and lower from the 10th to the 42nd days of sustained loading. As described in Section
4.3.1, the center deflection increased suddenly due to the formation of a new crack after loading
for 42 days; thus, the transverse and longitudinal strains at both supports increased as well.
However, after that, the increase rate of either deflection or strain became stable again. In contrast,
the transverse strain kept increasing but the daily average increase was about 0.00023 during the
last four days of the sustained loading. By the end of sustained loading, εl = 0.00230 and εt =
0.00101 at the right support and εl = 0.00267 and εt = 0.00153 at the left support. In brief, the 50days sustained loading increased longitudinal strain by 43% and 47%, transverse strain by as much
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Figure 5.4 Specimen A90 concrete strain time history during sustained loading: (a) center and (b) supports.

After the sustained loading, the specimen was reloaded to failure in a short time. The
concrete covers at the right and left supports spalled after 58 and 74 seconds of reloading,
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respectively. At that time, the right support had εl = 0.00257 and εt = 0.00120, while the left support
had εl = 0.00293 and εt = 0.00173. Table 5.1 summarizes the longitudinal and transverse strains
and Poisson’s ratio at different critical sections at the beginning and end of sustained loading as
well as concrete cover crushing. The Poisson’s ratios at the right and left supports at the end of the
sustained loading were 94% and 97% of those when concrete crushing occurred. This indicates
that, by the end of the 50-day sustained loading, the specimen was at the verge of losing its
sustained loading capacity. In other words, if the sustained loading had been continued for a longer
duration, the specimen might fail under sustained loading.

Table 5.1 Concrete strains at three loading stages of Specimen A90
Critical section location
Right side of center

Left side of center

Right support

Left support

Variable
εl
εt
ν
εl
εt
ν
εl
εt
ν
εl
εt
ν

Beginning of
sustained loading
0.00255
0.00140
0.55
0.00359
0.00140
0.39
0.00161
0.000524
0.33
0.00182
0.000637
0.35

End of sustained
loading
NA
NA
NA
NA
NA
NA
0.00230
0.00101
0.44
0.00267
0.00153
0.57

Concrete crushing
0.00255
0.00140
0.55
0.00375
0.00197
0.53
0.00257
0.00120
0.47
0.00293
0.00173
0.59

*NA: not available

Reinforcement Strains of Specimen A95 ‒ As Figure 5.5(a) shows, rebar strain at both
sides of the center increased almost linearly with respect to load until reaching the flexural
yielding. At F = 0.74 kips, flexural cracking at the right side of center resulted in a sudden strain
increase. First yielding occurred at the right side when Fy = 5.91 kips. Shortly after that, at Fy =
6.05 kips, the tensile bar at the left side also yielded. Figure 5.5(b) shows rebar strains at both
111

supports. Flexural cracks crossed the strain gauge at the right support and thus led to greater strains
than those at the left support. Flexural yielding happened first at the right end at Fy = 8.40 kips and
then at the right support at Fy = 8.59 kips. During the 3-minute sustained loading, the rebar strain
gauge at the right support malfunctioned. Figure 5.6 shows time history of rebar strain at the left
support. The tensile strain was 0.00383 at the beginning of the sustained loading and increased by
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Figure 5.5 Load versus rebar strain of Specimen A95: (a) center and (b) supports.
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Figure 5.6 Specimen A95 rebar strain time history at left support during sustained loading.
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Concrete Strains of Specimen A95 ‒ Figure 5.7 shows load versus concrete strain response
for Specimen A95. Transverse strain data is not presented for beam concrete near the center
column due to strain gauge malfunction. When the load reached 0.740 kips, the flexural cracking
at the right side caused εl in this region to increase from 0.000198 to 0.000204, but negligibly
affected εl at the left side. As shown in Figure 4.6, the yielding at the center reduced specimen
stiffness by 51%, thereby resulting in a greater increase of εl at the supports. Once the load reached
6.05 kips, flexural yielding occurred also at the left side. This further reduced stiffness, causing
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Figure 5.7 Response of load versus concrete strain at center critical sections of Specimen A95.

Before reaching the target sustained load of Fsus = 0.95Fu = 9.0 kips, concrete crushing was
observed at the right side when F = 8.04 kips and εl = 0.00247. After this concrete crushing, εl at
the left side kept increasing with the load. At the start of the sustained loading, the left side of the
center had εl = 0.00275. As described previously, this specimen could carry the sustained load for
only three minutes. Right before losing the sustained loading capacity, concrete crushing occurred
at the left side with εl = 0.00285. The strain responses at the two supports were almost identical
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until concrete crushing at the supports, with a maximum difference less than 7% at different loads.
As the load reached F = 8.40 kips, flexural yielding occurred at the right support, causing a quicker
increase in εl and εt at both supports. Once Fsus was reached, the right support had εl = 0.00260 and
εt = 0.0009780, and the left one had εl = 0.00242 and εt = 0.00117.
During the short period of sustained loading, the strains kept increasing. After 156 seconds
of sustained loading, concrete cover was crushed at the left support when εl = 0.00283 and εt =
0.00147. Shortly after, concrete crushing occurred at the right support when εl = 0.00305 and εt =
0.00137. The average value of εl at concrete crushing in Specimen A95 is 0.00294, which is similar
to that in Specimen A90. The difference was likely caused by material variability and the different
durations of sustained loading. Figure 5.8 shows the evolution of concrete strains at the supports
under the sustained load. During the sustained loading, εl of concrete increased by 17% at the
supports; moreover, εt of concrete increased by 25.6% and 40% at the left and right supports. Table
5.2 shows the concrete strains of all critical sections at the beginning and end of sustained loading,
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as well as concrete crushing.
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Figure 5.8 Specimen A95 rebar strain time history at supports during sustained loading.
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Table 5.2 Concrete strains at three loading stages of Specimen A95
Critical section location

Variable
εl
εt
ν
εl
εt
ν
εl
εt
ν
εl
εt
ν

Right side of center

Left side of center

Right support

Left support

Beginning of
sustained loading
NA
NA
NA
0.00275
NA
NA
0.00260
0.000978
0.38
0.00242
0.00117
0.48

End of sustained
loading
NA
NA
NA
0.00285
NA
NA
NA
NA
NA
NA
NA
NA

Concrete crushing
0.00247
NA
NA
0.00285
NA
NA
0.00305
0.00137
0.45
0.00283
0.00147
0.52

*NA means not available.

5.1.2. Strains of Group A Specimens with ln/h = 7.5
Reinforcement Strains of Specimen B80/90 ‒ Figure 5.9(a) shows the response of loadtensile reinforcement strain near the center column of Specimen B80/90. The rebar strain gauge at
the right side was malfunctioned and thus the collected data is not presented. Flexural cracking at
the load of 0.95 kips resulted in an abrupt strain increase from 0.00009 to 0.00066. Based on the
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Figure 5.9 Load versus rebar strain of Specimen B80/90: (a) center and (b) supports.
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Based on the load-strain relationship, yielding occurred at Fy = 7.75 kips. Figure 5.9(b)
plots load versus rebar strain at the supports. The flexural cracking at the right support at F = 1.66
kips increased the strain from 0.0000474 to 0.000309. Shortly after that, when F = 2.57 kips, the
flexural cracking at the left support increased the strain from 0.0000248 to 0.000185. Since then,
the rebar strains at the two supports were very similar. At the start of the 10-day first sustained
loading under Fsus,1 = 0.8Fu = 11.2 kips, rebar tensile strain was 0.00138 and 0.00147 at the right
and left supports. As shown in Figure 5.10, during the first sustained loading, the strain at both
supports gradually decreased by 3.5% so that, by the end of this level of sustained loading, the
strain became 0.00133 and 0.00142 at the right and left supports, respectively. During the shorttime reloading to the second sustained load of Fsus,2 = 0.95Fu =12.6 kips, the load-strain
relationship was almost linear with a slope similar to that during the initial short-time loading.
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Figure 5.10 Specimen B80/90 rebar strain time history at supports during sustained loadings.

At the beginning of the second sustained loading, the strain was 0.00153 and 0.00161 at
the right and left supports. By the end of the second 10-day sustained loading, the strain increased
by almost 9.5% and reached 0.00169 and 0.00176 at the right and left supports. However, more
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than 80% of the strain increase happened during the initial 9 hours of the sustained loading.
Afterwards, the strains at both supports increased with a dramatically reduced rate.
After completing the second sustained loading, the specimen was reloaded in a short time
to failure. The slope of load-strain response was similar to those under the previous short-time
loadings until the flexural yielding at the left support when Fy = 13.7 kips. The yielding at the right
supports occurred at Fy = 13.8 kips. At the peak load, the rebar tensile strain at the left and right
supports was 0.00545 and 0.00631, respectively.
Concrete Strains of Specimen B80/90 ‒ Figure 5.11 shows the response of load versus εl
and εt. εt at the left side of the center column is not presented due to strain gauge malfunction. The
first sustained loading began when the load reached Fsus,1 = 0.8Fu = 11.2 kips. At that time, the
right side of the center column had εl = 0.00157 and εt = 0.000421, and the εl at the left side was
0.00191. Meanwhile, the right support had εl = 0.00153 and εt = 0.000525, and the left support had
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Figure 5.11 Load versus concrete strain of Specimen B80/90: (a) center and (b) supports.
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0.004

Figure 5.12 shows concrete strain evolution under sustained loading. During the initial 14
hours, εl increased by 13% to 20% at different locations but the increase rate became lower
thereafter. Over the entire 10-day first sustained loading, εl increased by 28%, 21%, 35.9%, and
34.1% at the center right, center left, right support, and left support, reaching 0.00201, 0.00231,
0.00208, and 0.00181, respectively. In contrast, εt at the critical sections increased less or even
decreased during the sustained loading: εt increased by 16%, -7.8%, and 23.2%, at the center right,
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Figure 5.12 Specimen B80/90 concrete strain time history during sustained loading: (a) center and (b)
supports.

At the start of the second sustained loading under Fsus,2 = 0.9Fu = 12.6 kips., εl = 0.00215,
0.00275, 0.00229, and 0.00199 at center right, center left, right support, and left support. In
addition, εt = 0.000538, 0.000718, and 0.000295 at center right, right support, and left support.
After the 10 days of the second sustained loading, the εl at the right side increased by 11.6% and
reached 0.00240, and εt increased by 9.1% and reached 0.000587; additionally, εl at the left side
increased by 1.4% and reached 0.00279. The εl and εt at the right support increased by 14.4% and
11.9%, causing εl = 0.00262 and εt = 0.000804. Moreover, εl at the left support increased by 31.6%,
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reaching 0.00229, and εt increased by 22.3%, reaching 0.000361. During the last short-time loading
to failure, concrete cover was crushed at the center left when F = 13.67 kips and εl = 0.00292. Once
the load reached F = 14.6 kips, concrete crushing occurred at the right support when εl = 0.00376
and εt = 0.00129. Then, at F = 14.7 kips, concrete was crushed at the left support and the right side
of the center column, when εl = 0.00338 and 0.00283 and εt = 0.00171 and 0.000792, respectively.
Table 5.3 summarizes εl and εt at the start and end of the first and second sustained loading, as well
concrete crushing.

Table 5.3 Concrete strains at three loading stages of Specimen B80/90
Critical section
location

Variable

εl
εt
ν
εl
Left side of center
εt
ν
εl
Right support
εt
ν
εl
Left support
εt
ν
*NA means not available.
Right side of
center

Start of 1st
sustained
loading
0.00157
0.000421
0.27
0.00191
NA
NA
0.00153
0.000525
0.34
0.00135
0.000281
0.21

End of 1st
sustained
loading
0.00201
0.000488
0.24
0.00231
NA
NA
0.00208
0.000647
0.31
0.00181
0.000259
0.14

Start of 2nd
sustained
loading
0.00215
0.000538
0.25
0.00275
NA
NA
0.00229
0.000718
0.31
0.00199
0.000295
0.15

End of 2nd
sustained
loading
0.00240
0.000587
0.24
0.00279
NA
NA
0.00262
0.000804
0.31
0.00229
0.000361
0.16

Concrete
crushing
0.00283
0.000792
0.28
0.00292
NA
NA
0.00376
0.00129
0.34
0.00338
0.00171
0.51

Reinforcement Strains of Specimen B90/100 ‒ Figure 5.13 shows the load versus tensile
reinforcement strain of Specimen B90/100. Yielding occurred during the initial short-time loading
at loads of 7.85 and 8.83 kips at the left and the right sides of the center. Figure 5.14(a) shows time
history of tensile strain at the supports during the first sustained loading under Fsus,1 = 0.9Fu = 12.6
kips. After 30 days, the strain decreased by 5.7% (from 0.00176 to 0.00166) at the right support
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and 9.8% (from 0.00132 to 0.00119) at the left support. During the reloading to the second
sustained load of Fsus,2 = Fu = 14.3 kips, yielding occurred at the right support at 13.7 kips and the
left support at 13.9 kips. Figure 5.14(b) shows strain evolution at the supports during the second
sustained loading. A time scale of minute is used due to the quick failure of the specimen. At the
start of the second sustained loading, the right support had a tensile rebar strain of 0.00454 and the
left support had 0.00312. During the 66 minutes when the specimen could resist the sustained load,

18

18

16

16

14

14

12

12

Load (kips)

Load (kips)

the strain kept increasing and reached 0.00631 at the right support and 0.00484 at the left.

10
8

10
8
6

6

Left side of center
Right side of center

4

Left support
Right support

4
2

2

0

0
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0

0.008

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

Strain

Strain

(a)
(b)
Figure 5.13 Load versus rebar strain of Specimen B90/100: (a) center and (b) supports.
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Figure 5.14 Specimen B90/100 rebar strain time history at supports: (a) first sustained loading, and (b)
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Concrete Strains of Specimen B90/100 ‒ Figure 5.15 shows the load versus εl and εt
response. Figure 5.16 plots strain versus time response during the first sustained loading. At the
start of the first sustained loading under Fsus,1 = 0.9Fu = 12.6 kips, εl was 0.00245 at the right side
of the center, and 0.00151 and 0.00188 at the right and left supports, respectively. Meanwhile, εt
was 0.000614 at the right side of the center, and 0.000546 and 0.000824 at the right and left
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Figure 5.15 Load versus concrete strain of Specimen B90/100: (a) center and (b) supports.
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Figure 5.16 Specimen B90/100 concrete strain time history during first sustained loading: (a) center and
(b) supports.
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Within the initial 10 hours, εl increased by 19% at the supports and 10% at the center; εt
increased by 37% at the supports and 29% at the center. The strain increased then slowed down.
At the end of the 30-day first sustained loading, εl increased by 38.8%, 30.5%, and 51.6% at the
center right, right support, and left support, reaching 0.00340, 0.00197, and 0.00285. Meanwhile,
εt increased by 28.2%, 40.7%, and 57.8% at the center right, right support, and left support,
reaching 0.000787, 0.000768, and 0.00130. After completing the first sustained loading, the
specimen was reloaded to reach the second sustained load of Fsus,2 = Fu = 14.3 kips. Right before
reaching Fsus,2, when the load was 14.1 kips, concrete crushing happened at center right, where εl
= 0.00374 and εt = 0.00153. At the start of the second sustained loading, εl was 0.00227 at the right
support and 0.00327 at the left support. In addition, εt was 0.000925 and 0.00137at the right and
left supports.
Figure 5.17 shows concrete strains at the supports during the second sustained loading.
During the last two minutes, concrete crushing occurred first at the right support when εl = 0.00312
and εt = 0.00257, and then at the left support when εl = 0.00442 and εt = 0.00349. Consequently,
the specimen could not resist the sustained load anymore. Table 5.4 summarizes εl and εt at the

Transverse strain

critical sections at the start and end of the first and second sustained loading, and concrete crushing.

0.005
0.004

0.003
0.002
0.001

Longitudinal strain

0

Left support
Right support

-0.001
-0.002
-0.003
-0.004
-0.005

-0.006
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

t-t0 (minute)

Figure 5.17 Specimen B90/100 concrete strain time history at supports during second sustained loading.
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Table 5.4 Concrete strains at three loading stages of Specimen B90/100
Critical section
location

Variable

εl
εt
ν
εl
Right support
εt
ν
εl
Left support
εt
ν
*NA means not available.
Right side of
center

Start of 1st
sustained
loading
0.00245
0.000614
0.25
0.00151
0.000546
0.36
0.00188
0.000824
0.44

End of 1st
sustained
loading
0.00340
0.000787
0.23
0.00197
0.000768
0.39
0.00285
0.00130
0.46

Start of 2nd
sustained
loading
NA
NA
NA
0.00227
0.000925
0.41
0.00327
0.00137
0.42

End of 2nd
sustained
loading
NA
NA
NA
NA
NA
NA
0.00442
0.00349
0.79

Concrete
crushing
0.00374
0.00153
0.41
0.00312
0.00257
0.82
0.00442
0.00349
0.79

Reinforcement Strains of Specimen B95 ‒ Figure 5.18 shows the response of load versus
tensile bar strain of Specimen B95. During the initial, yielding occurred at the center left when the
load reached 8.16 kips. At F = 13.3 kips, yielding occurred simultaneously at the two supports.
When the load reached Fsus = 0.95Fu = 13.4 kips, the tensile reinforcement strain was 0.00304 and
0.00343 at the right and left supports. Figure 5.19 shows rebar strain time history at the supports
during the sustained loading. After 30 days, tensile strain increased by 1.3% and 6.7% at the right
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Figure 5.19 Specimen B95 rebar strain time history at supports during sustained loading.

Concrete Strains of Specimen B95 ‒ Figure 5.20 shows the response of load versus εl and
εt. At the start of sustained loading under Fsus = 0.95Fu = 13.4 kips, εl was 0.00252, 0.00259,
0.00226, and 0.00238 at the center right, center left, right support, and left support, respectively.
Meanwhile, εt = 0.00101 at the right support. Figure 5.21 displays concrete strain time history
during sustained loading, over which εl increased by 19.8% and 15.4% at the right and left sides
of the center, reaching 0.00302 and 0.00299, respectively; moreover, εl increased by 41.1% at the
right support, reaching 0.00319, and 49.1% at the left support, reaching 0.00355. εt at the right
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Figure 5.21 Specimen B95 concrete strain time history during sustained loading: (a) center and (b)
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During the short-time reloading to failure, at F = 13.9 kips and εl = 0.00303, concrete
crushing occurred at the left side of the center. Once the load reached 14.6 kips, concrete crushing
occurred at center right with εl = 0.00318. Only 17 seconds after that, concrete crushing occurred
at the left support when εl = 0.00485, and then at the right support when εl = 0.00403 and εt =
0.00274. Table 5.5 summarizes εl and εt at the critical sections at the start and end of the sustained
loading, and concrete crushing.

Table 5.5 Concrete strains at three loading stages of Specimen B95
Critical section location
Right side of center

Left side of center

Right support

Left support

Variable
εl
εt
ν
εl
εt
ν
εl
εt
ν
εl
εt
ν

Beginning of
sustained loading
0.00252
NA
NA
0.00259
NA
NA
0.00226
0.00101
0.45
0.00238
NA
NA

*NA means not available.
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End of sustained
loading
0.00302
NA
NA
0.00299
NA
NA
0.00319
0.00172
0.54
0.00355
NA
NA

Concrete crushing
0.00318
NA
NA
0.00303
NA
NA
0.00403
0.00274
0.68
0.00485
NA
NA

5.1.3. Poisson’s Ratio History during Sustained Loading
Poisson’s ratio, ν = -εt/εl, is used to quantify the degree of concrete damage at specimen
critical sections under high sustained loads. As mentioned in Section 5.1, due to the unequal
distances to the critical section for the transverse and longitudinal strain gauges, the calculated ν
is approximate and can be higher than the actual value. The ν at a critical section can be reported
only if both transverse and longitudinal gauges were functional during the testing. For Specimens
B80/90 and B90/100, which experienced two levels of sustained loading, the effects of first
sustained loading on the evolution of ν during the second sustained loading is also examined.
Group A Specimens ‒ Figure 5.22 shows the evolution of ν of Group A specimens.
Specimen A90 was subjected to a sustained load of Fsus = 0.9Fu for 50 days without causing a
failure; however, Specimen A95 could resist a sustained load of Fsus = 0.95Fu for about only three
minutes and then failed. ν was 0.39 at the center left of Specimen A90 when the sustained loading
began. After 25 minutes of sustained loading, concrete crushing occurred at this location when ν
quickly increased by 35.9% and reached 0.53.
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Figure 5.22 Poisson’s ratio time history of Group A specimens during sustained loading.
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At the start of the sustained loading of Specimen A90, ν was 0.35 at the left support and
0.33 at the right. After 14 hours, ν increased by 21.6% and 14.7%, reaching 0.45 and 0.39, at the
left and right supports, respectively. The variation trend of ν after one day of loading was similar
to that of the passively developed axial force. As shown in Figure 5.4(b), εt consistently increased
during the sustained loading; however, εl increased when the axial force increased but decreased
when the axial force was reduced. Therefore, the fluctuation of ν shown in Figure 5.22 was due
mainly to the variation of axial force. Over the entire sustained loading, ν increased by 62.8% and
33.3% at the left and right support, reaching 0.57 and 0.44. Note that, concrete crushing did not
occur at the supports during the sustained loading.
When the sustained loading of Specimen A95 started, ν was 0.48 at the left support and
0.38 at the right, which were greater than those in Specimen A90 due to the higher sustained load
level. During the three minutes of sustained loading, concrete crushing occurred first at the left
support with ν = 0.52, and then at the right support when ν was 0.45. Accordingly, from the start
of sustained loading to concrete crushing, ν increased by 8.3% and 18% at the left and right
supports. As shown in Figure 4.6, the axial force did not fluctuate during the sustained loading;
thus, ν at the supports kept increasing until concrete crushing.
Group B Specimens ‒ Figure 5.23 shows the time history of ν at the center right of
Specimens B80/90 and B90/100. B80/90 carried Fsus,1 = 0.8Fu and Fsus,2 = 0.9Fu, each lasting for
10 days. At the start of the first sustained loading, ν was 0.27. Because εt and εl increased with a
similar rate during the initial 6 hours, ν increased by only 3.7% and reached 0.28. Afterwards, the
increase rate of εt became lower than that of εl, resulting in a reduction of ν to 0.24. When the
second sustained loading began, ν was 0.25, which was 7.4% lower than that at the start of the first
sustained loading, indicating the effect of loading history. During the second sustained loading, ν
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experienced little change. After 36 hours of loading, axial force started fluctuation, causing
variations of εl and thus ν. By the end of the second sustained loading, ν was 0.24 and no concrete
crushing occurred.

0.35

Poisson's ratio

0.3

B80/90 center right (1st)

0.25

B80/90 center right (2nd)
0.2

B90/100
center right (1st)

0.15
0.1
0.05
0
0.0001

0.01

1

100

t-t0 (day)

Figure 5.23 Poisson’s ratio time history at center right of Specimens B80/90 and B90/100 during sustained
loading.

Specimen B90/100 was subjected to Fsus,1 = 0.9Fu for 30 days and then failed under Fsus,2
= Fu after 66 minutes. This specimen had ν = 0.25 at the beginning of the first sustained loading,
which was slightly lower than that of B80/90. This may be explained by the inherent variability of
concrete material as well as stress condition. After 11 hours of loading, ν increased by 12% and
reached 0.28. Then, ν started decreasing because the increase rate of εt became lower than that of
εl, as shown in Figure 5.16(a); at the end of the sustained loading, ν was reduced to 0.23.
Figure 5.24 shows the evolution of ν at the supports of Group B specimens during sustained
loading. At the start of the sustained loading under Fsus,1 = 0.8Fu, ν was 0.21 and 0.34 at the left
and right supports of Specimen B80/90, as shown in Figure 5.24(a). After 3 hours of loading, ν
started to decrease. Note that, ν at the left support decreased with a greater rate than that at the
right support because not only εl increased but also εt decreased at the left support (Figure 5.12(b)).
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At the end of the first sustained loading ν was 0.14 and 0.31 at the left and right supports and no
concrete crushing occurred.
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Figure 5.24 Poisson’s ratio time history at the supports of Specimens: (a) B80/90, (b) B90/100, and (c)
B95 during sustained loading.
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As the second sustained loading of Specimen B80/90 began under Fsus,2 = 0.9Fu, ν was 0.15
and 0.31 at the left and right supports. During the initial 36 hours, ν was nearly constant at the right
support; however, ν at the left support increased by 6.7%. Afterwards, ν changed a little at both
supports. At the end of the second sustained loading for 10 days, ν was 0.16 and 0.31 at the left
and right supports, respectively.
As shown in Figure 5.24(b), the left and right supports of Specimen B90/100 under Fsus,1
= 0.9Fu had ν equal to 0.44 and 0.36, respectively. These ν values were greater than those at the
start of the second sustained loading of Specimen B80/90, indicating the effect of the first sustained
loading on reducing ν during the second sustained loading. Over the 30 days of the first sustained
loading of Specimen B90/100, ν increased by 4.5% and 8.3% at the left and right supports, reaching
0.46 and 0.39, respectively. At the start of the second sustained loading under Fsus,2 = Fu, ν was
0.42 at the left and 0.41 at the right support. Since the specimen failed under the sustained loading,
ν kept increasing with a sharp slope. Only one minute before the end of the sustained loading,
concrete crushing occurred at the right support when ν was 0.82, and then at the left support when
ν reached 0.79.
Specimen B95 resisted the sustained load of Fsus = 0.95Fu for 30 days. As shown in Figure
5.24(c), at the beginning of the sustained loading, ν was 0.45 at the right support. Because the load
level was greater than that at the first sustained loading of B80/90 and B90/100, a larger value of
ν at the beginning of the sustained loading was expected for B95. After 29 hours of the loading, ν
increased by 13.3%, reaching 0.51. The fluctuation in ν value during the initial 29 hours was minor
due to the small fluctuations in axial force during this period of time, as shown in Figure 4.15.
Over the entire sustained loading, ν at the right support increased by 20% and reached 0.54.

130

5.2. AXIAL FORCE – BENDING MOMENT RESPONSE
The measured axial force is plotted against positive bending moment at specimen center
(M +) and negative moment (M -) at the support. M + and M - are calculated using Equations 5.1
and 5.2, which are derived based on the equilibrium of the measured downward reaction force
carried by the outer vertical strut (Ft), applied load at specimen center (F), axial force (P), and
specimen geometry (L1, L2, and L3) shown in Figure 5.25. For comparison purpose, the nominal
strength of each specimen is also shown by the short-time moment-axial load interaction diagram,
which was calculated according to ACI 318-19 (2019) using the sectional and material properties.
𝑀+ = 𝐹𝑡 ( 𝐿1 + 𝐿2 ) − 𝐹𝑐 𝐿2 + 𝑃

(5.1)

𝑀− = 𝐹𝑡 ( 𝐿1 + 𝐿3 ) − 𝐹𝑐 𝐿3

(5.2)

𝑀− − 𝐹𝑡 ( 𝐿1 + 𝐿3 )
𝐹𝑐 =
𝐿3

(5.3)

where P and  are the measured axial force and center column displacement; Fc is upward reaction
force at the inner vertical support calculated using Equation 5.3; L1 is the center-to-center distance
between the inner and outer vertical struts; L2 is the distance from the edge of the center column to
the center of inner vertical support; and L3 is the distance between the critical section at support to
the center of the inner vertical support.

Figure 5.25 Schematic view of geometry and forces used to determine beam bending moments at the center
and support.
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5.2.1. Axial Force – Moment Response of Group A Specimens
Figure 5.26 shows the measured axial force versus moment (P-M) response of the two
Group A specimens as well as their axial load-moment interaction diagram. In this figure and the
same type of figure for other specimens to be presented in Section 5.2.2, the blue line shows the
nominal axial force-moment interaction diagram, the red line represents the measured P-M
response during sustained loading, and the black line shows P-M response during the initial shorttime loading and the final short-time loading to failure. The P-M interaction diagram is defined
according to actual material properties and ACI 318-19 (2019). The P-M curves are presented until
the values of P and M dropped slightly. As described previously, Specimen A90 (fc' = 4670 psi, t0
= 267 days) was subjected to a sustained load of Fsus = 0.9Fu for 50 days, and Specimen A95 (fc'
= 4450 psi, t0 = 331 days) failed after resisting the sustained load of Fsus = 0.95Fu for 3 minutes.
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Figure 5.26 Measured axial force versus moment at critical sections of Group A specimens.
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Specimen A90 had M + = 203.9 kip-in., M - = 211.9 kip-in., and P = 25.0 kips at the start
of the sustained loading. The nominal flexural strength at this axial force was Mn+ = 167.2 kip-in.
and Mn- = 230.2 kip-in. The pure flexural capacity without considering P-M interaction was Mo+
= 92.7 kip-in. at the center and Mo- = 163.7 kip-in. at the support. Thus, at the start of sustained
loading, M

+

= 1.22Mn+ = 2.20Mo+ at the center and M - = 0.92Mn- = 1.29Mo- at the support of

Specimen A90.
Figure 5.27 shows the evolution of moments during sustained loading. Over the 50-day
sustained loading of Specimen A90, axial force reached P = 24.8 kips; M + and M - increased by
5.9% and 8.7%, reaching 216.0 and 230.4 kip-in., respectively. At this axial force, the nominal
flexural strength was Mn+ = 166.4 kip-in. and Mn- = 229.8 kip-in; hence, at the end of the sustained
loading, M + = 1.29Mn+ and M - = 1.00Mn-. Due to load redistribution during sustained loading, the
increase in negative moment at the supports was even greater than that in positive moment at the
center, which was directly influenced by P‒ effect; therefore, as shown in Figure 4.26, the
extension of cracked beam length at supports during the sustained loading was greater than that at
the center.
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Figure 5.27 Positive and negative moments time history of Group A specimens during sustained loading.
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During the reloading to failure, the maximum positive and negative moments in Specimen
A90 were obtained as M +max = 252.3 kip-in and M -max = 255.3 kip-in., both of which occurred at
P = 29.5 kips. At this axial force, Mn+ = 180.0 kip-in. and Mn- = 239.9 kip-in.; thus, M

+
max

=

1.40Mn+ = 2.72Mo+ and M -max = 1.06Mn- = 1.56Mo-.
Figure 5.28 plots the normalized center load, positive and negative moments versus center
deflection to examine the sequence of reaching the maximums of F, M + and M -. The maximum
load was obtained at a center deflection of  = 3.24 in., whereas the maximum positive and
negative moments were obtained later at  = 4.72 in. when the maximum axial force was obtained.
Load dropped from the peak load once concrete crushing occurred at the critical sections.
However, the concrete crushing did not cause the beam flexural capacity to immediately decrease.
Instead, the axial force could keep increasing to reach its maximum, resulting in increased flexural
capacity in all critical sections. Only after concrete crushing at the critical sections became more
severe, the axial force decreased, eventually leading to the reduction of beam flexural capacity.
Therefore, the beam positive and negative flexural strengths were obtained when the axial force
reached the maximum.
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Figure 5.28 Normalized load, positive, and negative moments of Specimen A90 versus center deflection.
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At the start of sustained loading of Specimen A95, P = 26.9 kips, M + = 221.1 kip-in., and
M - = 236.6 kip-in. Because the sustained load level was higher than that of Specimen A90, a
greater flexural demand existed at the supports and center of Specimen A95. The nominal flexural
strength at the axial force of P = 26.9 kips was calculated as Mn+ = 172.8 kip-in. and Mn- = 232.8
kip-in. Also, the nominal flexural capacity under pure bending was Mo+ = 90.8 kip-in. at the center
and Mo- = 160.3 kip-in. at the support. Thus, at the start of sustained loading, M
2.44Mo+ at the center and M

-

+

= 1.28Mn+ =

= 1.02Mn- = 1.48Mo- at the support. Over the three minutes of

sustained loading, the axial force increased by 8.9%, reaching P = 29.3 kips, the positive moment
at center increased by 1%, reaching M + = 223.3 kip-in., and the negative moment at the support
increased by 7.8%, reaching M - = 255.1 kip-in. The nominal flexural strength at this axial load
was Mn+ = 178.7 kip-in. and Mn- = 237.5 kip-in. Thus, at the end of the sustained loading, M + =
1.25 Mn+ and M - = 1.07 Mn-. The small (1%) increase in the positive bending moment during the
sustained loading indicates that the beam center might already reached its flexural capacity at the
start of sustained loading when the axial force changed little. It follows that the extra moment
caused by P‒ effect during the sustained loading was be absorbed by the supports which had a
greater flexural capacity than the center. This justifies the greater increase of moment at the support
compared to that at the center during sustained loading.
Figure 5.29 shows the center load normalized with the target sustained load, as well as
normalized positive and negative moments versus center deflection for Specimen A95. At the end
of sustained loading, when the load started to decrease, the center deflection was  = 2.38 in.
However, similar to what was observed for Specimen A90, both the maximum positive and
negative moments of M +max = 226.2 kip-in and M -max = 259.2 kip-in. occurred at the maximum
axial force of Pmax = 30.8 kips when  = 3.06 in. At this axial load, Mn+ = 183.0 kip-in. and Mn- =
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240.3 kip-in. Thus, M +max = 1.24Mn+ = 2.49Mo+ and M -max = 1.08Mn- = 1.62Mo-. Note that both
the maximum positive and negative moments of the two specimens were obtained when the axial
load varied in a narrow range between 29.6 and 30.7 kips. Additionally, the positive flexural
capacity ranged from 226.2 to 252.3 kip-in., whereas the negative flexural capacity ranged from
255.3 to 259.3 kip-in. This is discussed further in Section 5.2.3.
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Figure 5.29 Normalized load, positive, and negative moments of Specimen A95 versus center deflection.

5.2.2. Axial Force – Moment Response of Group B Specimens
Figure 5.30 shows the measured axial force versus moment at the center and support of
Group B specimens. The variation of the concrete cylinder strength was small (about 1%).
Accordingly, fc' was taken identically as 4260 psi, and the nominal flexural capacity under pure
bending was Mo+ = 92.1 kip-in. at the center and Mo- = 162.6 kip-in. at the support. As described
previously, Specimen B80/90 (t0 = 381 days) was subjected to two levels of sustained loads, Fsus,1
= 0.8Fu and Fsus,2 = 0.9Fu, each lasting for 10 days. Specimen B90/100 (t0 = 413 days) experienced
30 days of the first sustained load of Fsus,1 = 0.9Fu and then failed under the second sustained load
of Fsus,2 = Fu after resisting it for 66 minutes. Specimen B95 (t0 = 480 days) was subjected to Fsus
= 0.95Fu for 30 days.
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Figure 5.30 Measured axial load versus moment at critical sections of Group B specimens.

At the start of sustained loading under Fsus, 1 = 0.8Fu, the axial load, positive, and negative
moments of Specimen B80/90 were P = 21.9 kips, M

+

= 185.6 kip-in., and M - = 163.0 kip-in.

The nominal flexural strength at this axial load was Mn+ = 157.9 kip-in. and Mn- = 220.5 kip-in.
Hence, at the start of the sustained loading, M + = 1.18Mn+ = 2.02Mo+ and M - = 0.74 Mn- = 1.00Mo.
Due to the reduction of axial force during the sustained loading, moment at the center slightly
decreased to M + = 183.5 kip-in., as shown in Figure 5.31. The reduced M + caused a reduction of
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both transverse and longitudinal strains at the compressive face of concrete at this location, as
discussed in Section 5.1.2. However, over the 10-day first sustained loading, M – increased by
2.9%, reaching 167.8 kip-in. Therefore, as shown in Figure 4.27, during the first sustained loading,
cracks at the supports became deeper than those at the center. However, due to the small increase
of negative moment, no new crack was generated in the support region.
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Figure 5.31 Time histories of center and support moments in Group B specimens during the first sustained
loading.

At beginning of the second sustained loading of Fsus,2 = 0.9Fu, P = 25.1 kips, M + = 203.8
kip-in., and M - = 193.0 kip-in. Corresponding to this axial load, the nominal flexural strength was
Mn+ = 166.8 kip-in. and Mn- = 227.4 kip-in. Thus, at the start of the second sustained loading, M +
= 1.22Mn+ = 2.21Mo+ and M - = 0.85Mn- = 1.19Mo-. Over the 10-day second sustained loading,
similar to what happened during the first sustained loading, M

+

slightly decreased due to the

reduction of axial force, reaching M + = 203.4 kip-in., and M - increased by 1.7%, reaching M - =
196.2 kip-in, as shown in Figure 5.32. Likely due to the effects of previous sustained loading, the
increase rate of M – during the second sustained loading was about 30% of that during the first
sustained loading. The maximum moments were obtained during reloading to failure. At the
center, M +max = 240.0 kip-in. = 2.61Mo+., occurring at  = 2.40 in., and M -max = 276.5 kip-in. =
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1.70Mo-., occurring at  = 2.62 in. Figure 5.33 shows the normalized F, M +, and M – to examine
the sequence of reaching Pmax, M +max, and M –max.
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Figure 5.32 Time histories of center and support moments in Specimens B80/90 and B90/100 during the
second sustained loading.
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Figure 5.33 Normalized load, positive, and negative moments of Specimen B80/90 versus center
deflection.

When the load applied to Specimen B90/100 reached Fsus,1 = 0.9Fu, the axial force, positive
and negative moments were P = 28.8 kips, M + = 206.8 kip-in., and M - = 188.1 kip-in, as shown
in Figure 5.30. In comparison, the positive and negative moments of Specimen B80/90 at the start
of Fsus,2 = 0.9Fu were +1.5% and -2.5% greater, respectively. These small differences could be
explained by material variation between the two specimens as well as the possible effects of the
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previous sustained loading of Specimen B80/90. At the axial force of 28.8 kips, the nominal
flexural strengths at the center and support were Mn+ = 177.0 kip-in. and Mn- = 234.8 kip-in. Thus,
at beginning of the first sustained loading of Specimen B90/100, M + = 1.17Mn+ = 2.25Mo+ and M
-

= 0.80Mn- = 1.16Mo. As shown in Figure 5.31, during the 30-day first sustained loading, M + at

specimen center was essentially unchanged because it increased by only 0.7%, reaching 208.3 kipin.; however, M – at the support increased by 7.3%, reaching 201.9 kip-in. The increased negative
moment generated new cracks near the supports, as shown in Figure 4.28. The small increase of
positive moment resulted in crack extension without forming new cracks at the center.
At the start of the second sustained loading under Fsus,2 = Fu, the axial force, positive and
negative moments were P = 35.2 kips, M + = 236.1 kip-in., and M - = 239.8 kip-in, as shown in
Figure 5.30. At this axial force, Mn+ = 193.7 kip-in. and Mn- = 245.8 kip-in. Thus, at beginning of
the second sustained loading, M + = 1.22Mn+ = 2.56Mo+ and M - = 0.98Mn- = 1.47Mo-. The specimen
failed under the second sustained loading after resisting it for 66 minutes. Over this period of time,
P, M +, and M - increased by 25.2%, 2%, and 16.2%, reaching 44.1 kips, 240.9 kip-in., and 274.4
kip-in., respectively. The almost constant M

+

indicates that the beam might already reached its

flexural capacity at the center at the start of the second sustained loading. As a result, the extra
moment induced by P‒ effect was carried by the supports, causing M – to increase.
The maximum positive and negative moments were M

+

max

= 243.1 kip-in. and M

max

=

274.6 kip-in. obtained almost simultaneously at P = 45.4 kips and Δ = 2.34 in. At this axial load,
Mn+ = 217.3 kip-in. and Mn- = 258.2 kip-in. Thus, M +max = 1.12Mn+ = 2.64Mo+ kip-in. and M -max
= 1.06Mn- = 1.69Mo- kip-in. Figure 5.34 shows the normalized load with respect to the second
target sustained load, as well as the normalized positive and negative moments.
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Figure 5.34 Normalized load, positive, and negative moments of Specimen B90/100 versus center
deflection.

At the start of sustained loading of Specimen B95 under Fsus = 0.95Fu, the axial force and
positive and negative moments were P = 30.7 kips, M + = 222.2 kip-in., and M - = 213.3 kip-in.
As shown in Figure 5.31, due to the higher sustained load than the first target sustained loads
applied to Specimens B80/90 and B90/100, greater bending moment existed at the start of
sustained loading in Specimen B95. At the axial force of 30.7 kips, Mn+ = 181.8 kip-in. and Mn- =
238.3 kip-in. Hence, at the start of the sustained loading, M

+

= 1.22Mn+ = 2.41Mo+ and M - =

0.89Mn- = 1.31Mo-. At the end of the sustained loading when P reached 32.2 kips, M

+

slightly

decreased to M + = 220.4 kip-in.; however, M - increased by 6.9% and reached M - = 228.0 kip-in.
The maximum positive and negative moments were M

+

max

= 248.1 kip-in. and M -max =

279.5 kip-in.; both were obtained at P = 42.9 kips during the short-time reloading to failure. At
this axial force, Mn+ = 211.7 kip-in. and Mn- = 255.9 kip-in. Thus, M

+
max

= 1.17Mn+ = 2.69Mo+

kip-in. and M -max = 1.09Mn- = 1.72Mo- kip-in. Figure 5.35 shows the normalized load and bending
moments. By comparing the maximum positive and negative moments of all Group B specimens,
it is found that the maximum moments were obtained when the axial force was ranging between
42.6 and 45.4 kips. In addition, very similar positive and negative flexural capacities were obtained
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among the three specimens as M

+
max

ranging narrowly from 240.0 to 248.1 kip-in. and M

–

max

from 274.6 to 279.5 kip-in.
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Figure 5.35 Normalized load, positive, and negative moments of Specimen B95 versus center deflection.

5.2.3. Effects of Axial Restraint on Beam Flexural Strength
To demonstrate the degree of axial restraining effect on beam flexural capacity
enhancement, a moment ratio is defined as the ratio of beam maximum moment achieved at the
critical sections to the nominal flexural strength under pure bending (Mo). Figure 5.36 shows
moment ratio versus deflection for Groups A and B specimens. The beams tested in this study had
a tensile reinforcement ratio of ρ = 0.63% at the center and ρ = 1.14% at the support. The moment
ratio of Group A beams with ln/h = 10.6 was 2.49 ~ 2.72 at the center and 1.56 ~ 1.62 at the
supports. The moment ratio of Group B specimens with ln/h = 7.5 was 2.61 ~ 2.69 at the center
and 1.69 ~ 1.72 at the supports. The specimens with a smaller span-to-depth ratio (ln/h) had a
greater passively developed axial force generated due to compressive arch action; thereby leading
to a greater flexural strength.
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Figure 5.36 Positive and negative moment ratios versus deflection for all specimens.

5.2.4. MOMENT- CURVATURE RESPONSE
Figure 5.37 shows the moment versus curvature response of Group A specimens at the
supports up to reaching the maximum curvature in the tests. As discussed in Section 5.1, due to
the length of a concrete strain gauge, its center was 1.0 in. away from the critical section. Moreover,
the center of a rebar strain gauge at the supports of Group A specimens was also 1.0 in. away from
the critical section. This permitted calculating curvature (Φ) at the supports based on plane section
assumption using Equation 5.4, where εs, εl, and d are reinforcement tensile strain, concrete
longitudinal compressive strain (absolute value), and beam effective depth, respectively.
ε𝑠 + ε𝑙
𝑑

(5.4)
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Figure 5.37 Moment-curvature response of Group A specimens at support.
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The maximum curvature happened exactly when concrete cover was crushed, when the
collected concrete strain data became unusable. For comparison purpose, Mo- = 163.7 kip-in for
A90 and Mo- = 160.3 kip-in. for A95 are also shown in the figure by dashed lines. During the initial
short-time loading of both specimens, the negative moment increased almost linearly with respect
to curvature. Different from Specimen A95, a crack at the support of Specimen A90 crossed the
strain gauges. Thus, an obvious stiffness reduction was observed in Specimen A90 at the initial
moment-curvature response when M - = 25.6 kip-in. As the loading continued, the slope of M-Φ
relationship gradually decreased due to reduction of beam stiffness caused by yielding and crack
propagation.
At the start of sustained loading of Specimen A90 (Fsus = 0.9Fu), M - = 211.9 kip-in. and Φ
= 0.000583/in. During the first day of loading, M – increased by 7.1%, reaching 226.9 kip-in.;
moreover, the axial force increased and caused the concrete longitudinal strain to increase with a
greater rate than the tensile rebar strain. Therefore, Φ increased by 21%, reaching 0.000706/in.
From the second day of the sustained loading, the increase rate of both curvature and bending
moment became low. As discussed in Section 5.1.1, after 42 days of sustained loading, both
concrete and rebar strains increased suddenly due to the formation of a new crack, which crossed
the rebar strain gauge. As a result, Φ increased suddenly to 0.000967/in. After this, the increase
rate of rebar and concrete strains became much lower, resulting in a gradual increase of Φ, which
reached 0.001/in. after 43 days of the sustained loading. As shown in Figure 4.3, the axial force
increased during the last week of the sustained loading. This decreased the tensile reinforcement
strain and thus slightly deceased Φ to 0.000955/in. when the sustained loading was ended.
During the reloading to failure of Specimen A90, the tensile reinforcement strain increased
abruptly so that Φ increased by 25.6%, reaching 0.00120/in.; meanwhile, M – increased by only
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1.1%, reaching 232.9 kip-in. Since then, the tensile reinforcing bar slightly decreased while the
compressive strain of concrete was still increasing due to the increase of axial force shown in
Figure 4.3. The ultimate curvature capacity of Specimens A90 occurred when the concrete cover
was crushed at the support. The corresponding ultimate curvature of Specimen A90 was
0.001213/in. obtained at M - = 248.5 kip-in.
Specimen A95 had M - = 236.6 kip-in. and Φ = 0.000893/in. at the start of the sustained
loading under Fsus = 0.95Fu. Due to the higher level of sustained load applied to A95, greater M –
and Φ was expected at the start of the sustained loading. The Φ of A95 kept increasing during the
two minutes of the sustained loading until concrete crushing occurred, which caused Φ to decrease.
Therefore, the ultimate curvature deformation capacity of Specimen A95 was obtained as
0.000994/in. when M - = 252.3 kip-in during the sustained loading. Due to the 50-day sustained
loading, the ultimate curvature of Specimen A90 was 22% greater than that of Specimen A95.

5.3. COMPARISON WITH EXISTING TEST DATA OF AXIALLY RESTRAINED RC BEAMS
As described in Section 2.1.2.3, Su et al. (2009) tested the progressive collapse resistance
of an axially restrained reduced-scale beam-column subassemblies. The test results of Groups A
and B specimens are compared with those of two specimens, B1 and B3, tested by Su et al. (2009)
in terms of positive and negative flexural capacities, axial force when the flexural capacity is
achieved, as well as loading capacity. The effects of compressive arch action on beam flexural
capacity is a function of span-to-depth ratio ln/h, tensile reinforcement ratio ρ, and axial restraining
rigidity (Su et al. 2009; Taylor et al. 2001; Qian and Li 2013; Vesali et al. 2013; Wang et al. 2019).
Accordingly, B1 and B3 are selected because they had ln/h and ρ similar to those of the specimens
in this study. The beams of B1 and B3 had a 5.9-in. width and a 11.8-in. depth. Specimen B1 had
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ln/h = 6.58 and ρ = 1.13% for both top and bottom bars. Specimen B3 had ln/h = 9.08, ρ = 1.13%
for the top bars, and ρ = 0.75% for the bottom bars. For comparison purpose, axial force is
normalized as the ratio of axial force to the multiplication fc’ with cross-sectional area Ac; the beam
deflection is normalized as the ratio of center deflection ∆ to beam depth h. Based on the ln/h
values, the response of Group A specimens (ln/h = 10.6) can be compared with that of Specimen
B3, whereas the response of Group B specimens (ln/h = 7.5) can be compared with Specimen B1.
Table 5.6 summarizes the normalized flexural capacity at the center and supports of
specimens as well as the normalized axial force when the flexural capacity was reached.
Additionally, the ratio of peak load (Fmax) to the predicted short-time loading capacity in the
absence of axial restraint (Fu,o) is also summarized for each specimen except for A95 and B90/100
because they failed under sustained loading. It is seen that the test results obtained from the current
study are comparable to those of B1 and B3 tested by Su et al. (2009). Note that, the tensile
reinforcement ratio was almost identical among these specimens. The loading capacity is directly
related to ln/h; therefore, the specimen with the higher ln/h has the greater loading capacity ratio
Fmax/Fu,o. Hence, Specimens B1 and A90, with ln/h = 6.58 and 10.6, had the maximum and
minimum loading capacity among the specimens listed in Table 5.6.

Table 5.6 Comparison of test results from this study with test data reported by Su et al. (2009)
Study

Specimen

this
study

A90
A95
B80/90
B90/100
B95

Su et al.
(2009)

B1
B3

ln/h

ρ
top

ρ
bottom

Fmax/Fu,0

M -max/Mo-

M +max/Mo+

1.14

0.63

1.51
NA
1.72
NA
1.71

1.56
1.62
1.70
1.69
1.72

1.13

1.13
0.75

2.15
2.07

2.01
1.66

10.6

7.5
6.58
9.08

NA: not applicable
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2.72
2.49
2.61
2.64
2.69

P/(fc’Ac)
at M -max
0.158
0.172
0.251
0.261
0.252

P/(fc’Ac)
at M +max
0.158
0.172
0.254
0.266
0.256

3.07
2.52

0.257
0.213

0.259
0.219

The last two columns of Table 5.6 are the normalized axial forces when the flexural
capacity was achieved. For all specimens tabulated in Table 5.6, the positive and negative flexural
capacities were achieved almost at the same time; therefore, there is little difference between the
P/fc’Ac at the maximum bending moments at the support and the center. The results of moment
ratios shown in Figure 5.36 are also consistent with the experimental results of the effects of axial
restraint on the seismic performance of RC frame beams (Wang et al. 2019). Figure 5.38 shows
moment ratio versus drift ratio obtained from the experiments conducted by Wang et al. (2019) on
half-scale beam-column subassembly with ln/h = 9.1, ρ = 0.43% for positive bending, and ρ =
0.88% for negative bending. At 4% drift when the maximum flexural strength was obtained, M
+
+
max/Mo

was 2.41 ~ 2.80 at the center and M -max/Mo- was 1.51 ~ 1.55 at the support.
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Figure 5.38 Positive and negative moment ratios versus lateral drift of a specimen tested by Wang et al.
(2019).
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CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1. SUMMARY
The overall goal of this research was to examine the progressive collapse resistance of
reinforced concrete (RC) frame beams subjected to high sustained stresses after losing a supporting
column, particularly the sustained load resistance under compressive arch action. To fulfil the goal,
the time-dependent responses of beam-column subassemblies, such as deformation and strength,
under high sustained loads were experimentally characterized.
Five 1/3-scale specimens were tested, each consisting of two beams and a center column
representing a failed supporting column. To simulate the restraints provided by the neighboring
structural elements in a RC frame, the specimens were restrained both axially and rotationally at
the boundaries. Beam span-to-depth ratio and sustained load level were the major test variables.
The beam tensile reinforcement ratio was identical among the specimens as 1.14% at the top and
0.63% at the bottom. The specimens were divided into two groups with span-to-depth ratios of
10.6 and 7.5. The target sustained load levels were selected as 80%, 90%, 95% and 100% of the
predicted short-time loading capacity considering the strengthening effects of compressive arch
action. The specimens were tested after 267 to 480 days of concrete casting.
The two specimens with a beam span-to-depth ratio of 10.6 were subjected to one level of
sustained load; however, two of the three specimens with a beam span-to-depth ratio of 7.5 were
tested under two levels of sustained load, which permitted exploring the effects of previous
sustained loading on the structural behavior of frame beams during the subsequent sustained
loading. One longer specimen and one shorter specimen failed after 3 and 66 minutes of sustained
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loading, respectively. The remaining specimens had a sustained loading duration of 10 to 50 days,
depending on the applied sustained load level and the observed rate of deflection increase; these
specimens were loaded in a short time to failure after surviving the applied sustained loads.

6.2. OBSERVATIONS AND CONCLUSIONS
Effects of sustained loading on global behavior
If no failure occurred to the RC beams under high sustained loads, concrete creep initially
caused an increase and then a decrease in the passively developed compressive axial force; as a
result, the overall variation of the axial force was not substantial so that the axial force at start and
end of sustained loading was almost equal. If the sustained load caused a failure, the axial force
could keep increasing prior to losing the sustained load-carrying capacity. Therefore, it can be
concluded that compressive arch action is still functional in the axially restrained RC frames beams
during the sustained loading after losing a column.
The sustained loading capacity of RC frame beams is a function of beam span-to-depth
ratio. Under the same level of sustained load, the longer specimens experienced greater deflection
creep. When a failure was imminent, the creep coefficient rapidly increased so that the specimen
entered a tertiary creep phase. In the specimens subjected to two levels of sustained load, if a
failure under the second sustained loading was not probable, the first sustained loading decreased
the creep rate and creep coefficient during the subsequent higher level of sustained loading.
Based on the test results, the sustained loading capacity of RC frame beams with a spanto-depth ratio of 10.6 and 7.5 is recommended as 90% and 95% of the predicted short-time loading
capacity under compressive arch action, respectively. The more reduced sustained loading capacity
of longer axially restrained beams was caused by the higher secondary effect associated with
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greater deflection creep. The short-time residual loading capacity after experiencing high sustained
loads was 51% and 72% greater than the short-time capacity without considering the compressive
arch action for specimens with a span-to-depth ratio of 10.6 and 7.5, respectively. The residual
capacity of the shorter specimens was almost identical regardless of the level and duration of the
sustained loading the specimens were subjected to. The loss of sustained loading capacity or the
reach of reloading capacity of specimens was trigger by the increased P- effect after concrete
crushing at the supports due to negative bending.

Effects of sustained loading on local behavior
During sustained loading, concrete transverse strain at the critical sections consistently
increased; however, concrete longitudinal strain increased when the passively developed axial
force increased, and did not increase when the axial force was reduced due to creep. Under the
highest level of sustained load that did not cause a failure, concrete longitudinal strain initially
increased and then either remained unchanged or even slightly decreased. The variation of
longitudinal strain resulted in changes of Poisson’s ratio at the critical sections. The rapid increase
of Poisson’s ratio under sustained loading indicated an imminent failure. On the other hand, when
the Poisson’s ratio mildly increased or even decreased over time, the sustained loads acting on the
RC frame beams were less than 90% of their loading capacity.
Concrete crushing, which had happened sequentially at the center and then the supports,
did not result in an immediate loss of flexural resistance. This happened because even after
concrete crushing, the passively developed beam axial force could keep increasing, thereby
maintaining beam flexural strength through axial force-bending moment interaction. Regardless
of beam span-to-depth ratio, the compressive arch action was not affected by concrete creep under
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high sustained loads and enhanced beam flexural capacity by as much as 161% to 172% at the
center with a tensile reinforcement ratio of 0.63% and 56% to 72% at the support with a
reinforcement ratio of 1.14%. Moreover, an 20% increase in ultimate curvature due to sustained
loading was observed for a beam section at the support.

6.3. SUGGESTIONS FOR FUTURE RESEARCH
The following topics are suggested for future research:


This study tested beam-column subassemblies when they have been fabricated for more than
267 days. However, loading age greatly affects concrete creep and thus the secondary effects
of axially restrained RC beams. The behavior of RC frame beams subjected to high sustained
gravity loads at younger concrete ages are suggested to be studied. This would permit
understanding the progressive collapse potential of new RC frame buildings after losing a
column.



To eliminate any shear, reduced spacing was used for the beam transverse reinforcement in
this study. However, the confinement effects from the dense transverse reinforcement can
potentially decrease concrete creep and prevent premature bucking of the compressive bars.
Experiments of axially restrained RC beams with larger transverse reinforcement spacing
permitted by design codes are therefore suggested to examine the effects of confinement on
the behavior of RC frame beams under high sustained loads.
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COMPRESSIVE STRENGTH OF CYLINDRICAL CONCRETE SPECIMENS

152

153

REFERENCES
ASTM A615/A615M, A. (2012). “Standard Specification for Deformed and Plain Carbon Steel
Bars for Concrete Reinforcement,” American Society for Testing and Material, ASTM A
Standard, 31, 1–6.
Abbasnia, R., and Mohajeri Nav, F. (2016). “A Theoretical Method for Calculating the
Compressive Arch Capacity of RC Beams Against Progressive Collapse,” Structural
Concrete, 17(1), 21–31.
Abrams, D. (1996). “Effects of Scale and Loading Rate with Tests of Concrete and Masonry
Structures,” Earthquake Spectra, Publications Sage UK: London, England, 12(1), 13–28.
ACI Committee 209. (2008). “Guide for Modeling and Calculating Shrinkage and Creep in
Hardened Concrete.” ACI 209.2R-08, American Concrete Institute, Farmington Hills, MI,
44 pp.
ACI Committee 318. (2019). “Building Code Requirements for Structural Concrete and
Commentary.” ACI 318-19, American Concrete Institute, Farmington Hills, MI.
ASCE. (2016). “Minimum Design Loads for Buildings and Other Structures (ASCE 7-16).”
American Society of Civil Engineers, Reston, VA., USA, 2016.
ASTM A370/ASME SA-370. (2018). “Standard test methods and definitions for mechanical
testing of steel products,” West Conshohocken, PA.
Azim, I., Yang, J., Bhatta, S., Wang, F., and Liu, Q. F. (2020). “Factors Influencing the Progressive
Collapse Resistance of RC Frame Structures,” Journal of Building Engineering, 27(2020),
100986.
Bažant, Z. P. (1975). “Theory of Creep and Shrinkage in Concrete Structures: A Précis of Recent
Developments,” Mechanics Today, Vol. 2, pp. 1–93, Pergamon Press.

154

Bažant, Z. P., and Murphy, W. P. (1996). “Creep and Shrinkage Prediction Model for Analysis
and Design of Concrete Structures - Model B3,” Materials and Structures, 28, pp. 357–
365.
Bažant, Z. P., Cusatis, G., and Cedolin, L. (2004). “Temperature Effect on Concrete Creep
Modeled by Microprestress-Solidification Theory,” Journal of Engineering Mechanics,
130(6), pp. 691–699.
Carlos, A., Masumi, I., Hiroaki, M., Maki, M., and Takahisa, O. (2010). “The Effects of Limestone
Aggregate on Concrete Properties,” Construction and Building Materials, Vol. 24, No. 12,
December 2010, pp. 2363–2368.
CEB Bulletin. (1993). “Structural Concrete — Textbook on Behavior, Design and Performance.
Updated Knowledge of the CEB/FIP Model Code 1990.” fib Bulletin 2, Vol. 2, Federation
Internationale du Beton, Lausanne, Switzerland, pp. 37-52.
Cherian, R. M., and Raj, J. B. (2014). “An Effective Analytical Model for Predicting Creep
Coefficient,” International Journal of Civil Engineering Research, Vol. 5, No. 1, pp. 69–
76.
Department of Defense (DoD). (2005). “Design of Buildings to Resist Progressive Collapse.” UFC
4-023-03.
Dieter, G. E. (1988). “Mechanical Metallurgy,” McGraw-Hill book company, Philadelphia, PA.
Eldukair, Z. A., and Ayyub, B. M. (1991). “Analysis of Recent U.S. Structural and Construction
Failures,” Journal of Performance of Constructed Facilities, Vol. 5, No. 1, pp. 57–73.
Ellingwood, B., and Leyendecker, E. (1978). “Approaches for Design Against Progressive
Collapse,” Journal of Structural Division, Vol. 104, No. 3, pp. 413-423.
FarhangVesali, N., Valipour, H., Samali, B., and Foster, S. (2013). “Development of Arching
Action in Longitudinally-Restrained Reinforced Concrete Beams,” Construction and
Building Materials, 47, pp. 7–19.

155

Fenwick, R. C., and Fong, A. (1979). “The Behavior of Reinforced Concrete Beams under Cyclic
Loading,” Bulletin of the New Zealand National Society for Earthquake Engineering, Vol.
12, No. 2, pp. 158–167.
Fenwick, R. C., and Megget, L. M. (1993). “Elongation and Load Deflection Characteristics of
Reinforced Concrete Members Containing Plastic Hinges.” Bulletin of the New Zealand
National Society for Earthquake Engineering, Vol. 26, No. 1, pp. 28-41.
General Services Administration (GSA). (2013). “Alternate Path Analysis and Design Guidelines
for Progressive Collapse Resistance.” U.S. General Service Administration, Federal
Program Inventory.
Geymayer, H. G. (1970). “The Effect of Temperature on Creep of Concrete: A Literature Review,”
U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi.
Hamed, E., and Lai, C. (2016). “Geometrically and Materially Nonlinear Creep Behavior of
Reinforced Concrete Columns,” Structure., 5, 1–12.
Hansen, T. C., and Mattock, A. H. (1966). “Influence of Size and Shape of Member on the
Shrinkage and Creep of Concrete,” ACI Journal Proceeding, Vol. 63, No. 2, pp. 267-290.
Hayes, J. R., Woodson, S. C., Pekelnicky, R. G., Poland, C. D., Corley, W. G., and Sozen, M.
(2005). “Can Strengthening for Earthquake Improve Blast and Progressive Collapse
Resistance?” Journal of Structural Engineering, Vol. 131, No. 8, pp. 1157–1177.
Iravani, S., and MacGregor, J. G. (1998). “Sustained Load Strength and Short-Term Strain
Behavior of High-Strength Concrete,” ACI Materials Journal, Vol. 95, No. 5, pp. 636–
647.
Kaltakci, M. Y., Kamanli, M., Ozturk, M., Arslan, M. H., and Korkmaz, H. H. (2013). “Sudden
Complete Collapse of Zumrut Apartment Building and the Causes,” Journal of
Performance of Constructed Facilities, Vol. 27, No. 4, pp. 381–390.
Kokusho, S., Hayashi, S., Wada, A., and Sakata, H. (1988). “Behaviors of Reinforced Concrete
Beam Subjected to the Axial Restriction of Deformation,”, Proceedings of Ninth World
156

Conference on Earthquake Engineering, Tokyo-Kyoto, Japan., Vol. 152, No. 4, pp. 463468.
Kumar, G. A., and Kumar, S. N. (2014). “Creep of Concrete,” International Journal of
Engineering Development and Research, Vol. 2, No. 4, pp. 3800–3802.
Larson, M. (2000). “Estimation of Crack Risk in Early Age Concrete: Simplified Methods for
Practical Use.” Thesis, Luleå University of Technology.
Lew, H. S., Bao, Y., Pujol, S., and Sozen, M. A. (2014). “Experimental Study of Reinforced
Concrete Assemblies under Column Removal Scenario,” ACI Structural Journal, 111(4),
881–892.
Mallonee, S., Shariat, S., Stennies, G., Waxweiler, R., Hogan, D., and Jordan, F. (1996). “Physical
Injuries and Fatalities Resulting from the Oklahoma City Bombing,” Journal of American
Medical Association, 276(5), 382–387.
Morrill, K. B., Sheffield, C. S., Kersul, A. M., Crawford, J. E., Brewer, T. R., and Lan, S. (2016).
“Calculations of the Response of a Flat Plate Structure to a Column Removal,” 24th
International Symposium on Military Aspects of Blast and Shock (MABS)., Halifax,
Canada.
Neville, A. M. (1959). “Role of Cement in the Creep of Mortar,” ACI Journal Proceeding, 55(3),
963-984.
Neville, A. M. (1964). “Creep of Concrete as a Function of its Cement Paste Content,” Magazine
of Concrete Research, 16(46), 21–30.
Niyogi, A. K., and Meyers, B. L. (1973). “The Influence of Age at Time of Loading on Basic and
Drying Creep,” Cement and Concrete Research, 3, 633–644.
Orton, S., Jirsa, J. O., and Bayrak, O. (2010). “Carbon Fiber-Reinforced Polymer for Continuity
in Existing Reinforced Concrete Buildings Vulnerable to Collapse,” ACI Structural
Journal, 106(5), 608-616.

157

Park, T. W. (2012). “Inspection of Collapse Cause of Sampoong Department Store,” Forensic
Science International, 217(1–3), 119–126.
Qian, K., and Li, B. (2013). “Performance of Three-Dimensional Reinforced Concrete BeamColumn Substructures under Loss of a Corner Column Scenario,” Journal of Structural
Engineering, 139(4), 584-594.
Rankin, G. I. B., and Long, A. E. (1997). “Arching Action Strength Enhancement in Later AllyRestrained Slab Strips,” Proceedings of the Institution of Civil Engineers-Structures and
Buildings, Thomas Telford-ICE Virtual Library, 122(4), 461–467.
Rashidian, O., Abbasnia, R., Ahmadi, R., and Mohajeri Nav, F. (2016). “Progressive Collapse of
Exterior Reinforced Concrete Beam–Column Sub-Assemblages: Considering the Effects
of a Transverse Frame,” International Journal of Concrete Structures and Materials, 10(4),
479–497.
Regan, P. E. (1975). “Catenary Action in Damage Concrete Structures,” ACI Symposium
Publication, 48(1), 191-224.
Ross, A. D. (1958). “Creep of Concrete under Variable Stress,” ACI Journal Proceedings, Vol.
54, No. 3, pp. 739–758.
Ruiz, M. F., Muttoni, A., and Gambarova, P. G. (2007). “Relationship Between Nonlinear Creep
and Cracking of Concrete under Uniaxial Compression,” Journal of Advanced Concrete
Technology, Vol. 5, No. 3, pp. 383–393.
Rüsch, B. H. (1960). “Researches Toward a General Flexural Theory for Structural Concrete.”
ACI Journal Proceedings, Vol. 57, No. 7, pp. 1-28.
Sadek, F., Main, J. A., Lew, H. S., and Bao, Y. (2011). “Testing and Analysis of Steel and Concrete
Beam-Column Assemblies under a Column Removal Scenario,” Journal of Structural
Engineering, Vol. 137, No. 9, pp. 881-892.
Shah, S. P., and Chandra, S. (1970). “Fracture of Concrete Subjected to Cyclic and Sustained
Loading,” ACI Journal, Vol. 67, No. 10, pp. 816–827.
158

Smadi, M. M., Slate, F. O., and Nilson, A. H. (1987). “Shrinkage and Creep of High-, Medium-,
and Low-Strength Concretes, Including Overloads,” ACI Materials Journal, Vol. 84, No.
3, pp. 224–234.
Su, Y., Ying, T., and Song, X. (2009). “Progressive Collapse Resistance of Axially-Restrained
Frame Beams,” ACI Structural Journal, Vol. 106, No. 5, pp. 600–607.
The Straits Times (1986) “How to Avoid Another Hotel New World Disaster,”, No. 1, pp. 14–15.
Taylor, S. E., Rankin, G. I. B., and Cleland, D. J. (2001). “Arching Action in High-Strength
Concrete Slabs,” Proceedings of the Institution of Civil Engineers - Structures and
Buildings, Vol. 146, No. 4, pp. 353–362.
Taylor, S. J., Bogdan, R., and DeVault, M. (2015). “Introduction to Qualitative Research Methods:
A Guidebook and Resource,” John Wiley & Sons.
Thean, L. P., Vijiaratnam, A., Lee, Seng-Lip, and Broms, B. B. (1987). “Report of the Inquiry into
the Collapse of Hotel New World,” Printed for the Government of Singapore by Singapore
National Printers, Singapore.
Tian, Y., and Su, Y. (2011). “Dynamic Response of Reinforced Concrete Beams Following
Instantaneous Removal of a Bearing Column,” International Journal of Concrete
Structures and Materials, Vol. 5, No. 1, pp. 19–28.
Troxell, G. E., Raphael, J. M., and Davis, R. E. (1958). “Long-Time Creep and Shrinkage Tests
of Plain and Reinforced Concrete,”, Presented at the Sixty-First Annual Meeting of ASTM
society, pp. 1101-1120.
Torstar www.thestar.com. (2021). “Former Burlington Building Owner Helped Develop Florida
Condo That Collapsed,” June 28, 2021.
Voller, D. (1968). “Ronan Point Collapse, Canning Town.” Geograph Britain and Ireland,”
<www.geograph.org.uk/photo/2540477>.

159

Wang, L., Tian, Y., Luo, W., Li, G., Zhang, W., Liu, S., and Zhang C. (2019). “Seismic
Performance of Axially Restrained Reinforced Concrete Frame Beams,” Journal of
Structural Engineering, Vol. 145, No. 5, pp. 1–12.
Wardhana, K., and Hadipriono, F. C. (2003). “Study of Recent Building Failures in the United
States,” Journal of Performance of Constructed Facilities, Vol. 17, No. 3, pp. 151–158.
Washai, B. G. W., and Fluckt, P. G. (1950). “Effect of Sustained Loading on Compressive Strength
and Modulus of Elasticity of Concrete,” ACI Journal Proceeding, Vol. 46, No. 5, pp. 693700.
Wei Y., Guo W., and Liang S. (2016). "Micro Prestress-Solidification Theory-Based Tensile Creep
Modeling of Early-Age Concrete: Considering Temperature and Relative Humidity
Effects," Construction and Building Materials, Vol. 127, No. 1, pp. 618-626.
Wikipedia,

(1995).

“Picture

of

Murrah

Building

Before

Demolition,”

<https://commons.wikimedia.org/wiki/File:Murrah_Building_Before_Demolition.JPG>
www.Guardian.com, (2015). “Learning From Seoul’s Sampoong Department Store Disaster – A
History of Cities in 50 Buildings,” Photos by Choo Youn-Kong
Yu, J., and Tan, K. H. (2011). “Experimental and Numerical Investigation on Progressive Collapse
Resistance of Reinforced Concrete Beam Column Sub-Assemblages,” Engineering
Structures, Vol. 55, No. 2013, pp. 90–106.
Yu, J., and Tan, K. H. (2013). “Structural Behavior of RC Beam-Column Sub-Assemblages under
a Middle Column Removal Scenario,” Journal of Structural Engineering, Vol. 139, No. 2,
pp. 233–250.
Zerbe, E. H., and Durrani, A. (1989). “Seismic Response of Connections in Two-Bay RC Frame
Sub-Assemblies,” Journal of Structural Engineering, Vol. 115, No. 11, pp. 2829–2844.
Zenere, F. J. (2021). “Response to the Collapse of the Champlain South Tower Condominium,”
Communique, Vol. 50, No. 3, pp. 12-13.

160

Zhou, F. P. (1992). “Time-Dependent Crack Growth and Fracture in Concrete,” Division of
Building Materials, Lund Institute of Technology, pp. 1-132.

161

CURRICULUM VITAE

Graduate College
University of Nevada, Las Vegas

Ghazaleh Mehdikhan Laleh
lalehghazaleh@gmail.com

Degrees:
Bachelor of Science in Civil Engineering, 2011
Shomal University, Amol, Iran

Master of Science in Civil Engineering, 2016
The Science and Culture University, Tehran, Iran

Dissertation Examination Committee:
Committee Chair, Dr. Ying Tian, Ph.D.
Committee Member, Dr. Nader Ghafoori, Ph.D.
Committee Member, Dr. Samaan Ladkany, Ph.D.
Committee Member, Dr. Ryan Sherman, Ph.D.
Graduate College Representative, Dr. Berndan O’Toole, Ph.D.

162

