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Abstract:
Non-contact lap splices placed within a single concrete placement are often used and
have been studied in previous research projects. However, non-contact lap splices used with each
bar in a different concrete placement such that there is a cold joint between the bars, have not
been investigated. This situation is found in the repair of adjacent box beam bridges and in the
construction of inverted T-beam systems, among others. It is vital to understand whether the
same mechanisms are present across a cold joint with two different types of concrete as are
present in traditional non-contact lap splices.
In this research, eight T-beam specimens with non-contact lap splices were tested. The
spacing between the bars, the splice bar blockout length, and presence of transverse bars were
varied to study the effectiveness of the splices. The beams were tested in four point bending so
that the splice region was under constant moment and the tension forces in the spliced bars were
constant. End and midspan deflections were measured along with surface strain measurements at
midspan and at the quarter span points, top and bottom. Gap openings were also measured at the
ends of the blockouts.
The main conclusions found from this research are that beams containing non-contact lap
splices were able to develop nominal capacity with the bar spacing less than or equal to 4 in. and
the blockout between 17 and 20 in. long. Extending the blockouts and adding transverse bars
underneath the splices did not add to the capacity.
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Chapter 1: Introduction
Non-contact lap splices are used when reinforcing bars which are being spliced in
concrete cannot be laid directly next to each other, but still must transfer forces from one bar to
the other. There has been considerable research when the splice is in one concrete placement and
there is nothing interfering with the transfer of forces between the bars. In this case, the
mechanism that transfers the forces from bar to bar is well understood. However, there is not
much known about how well this mechanism works when there is a cold joint between the bars.
In this situation there is a clear disconnect between the two concretes, and therefore the two bars.
It is unknown how well the bars will interact given that there is a cold joint, and inevitably a
difference in strength between the concretes. When two bars are put in tension in a non-contact
lap splice, diagonal compression struts form between the bars, carrying the forces from the
surface of one bar to the other. This mechanism is seen in Figure 1.

Figure 1: Non-contact lap splice force transfer mechanism (Wight et al., 2012)
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It is unknown whether or not a cold joint between the bars would affect the formation and
effectiveness of the compression struts, which is the focus of this research.
One example of a non-contact lap splice in different concretes is a method for the repair
of adjacent box beam bridges. This type of bridge is used often in short to medium span bridges.
It has many advantages including reduced construction time, reduced costs, and increased
overhead clearance underneath the bridge. However, a major downfall of the design of the
bridges is the shear key that is between the adjacent beams. The shear key has a tendency to fail,
causing reflective cracking in the driving surface which allows deicing salts to penetrate down to
the beams. This can deteriorate the steel in the beams and post-tensioned tendons that may be
present. This can lead to rehabilitiation of the bridge at an early age and possibly failure of the
bridge. One of the proposed methods to repair adjacent box beam bridges in Virginia uses a
small blockout cut out of the top of the beams next to the joint. This is seen in Figure 2.

Figure 2: Adjacent box beam repair cutouts
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A short splice bar is dropped in and very high performance concrete (VHPC) is placed in
the blockouts. VHPC is a concrete developed at Virginia Tech made with fly ash, silica fume,
high range water reducer, and steel fibers. It leads to increased strength, durability, and shorter
splice lengths.
These blockouts prevent the beams from separating and therefore prevents reflective
cracking. A non-contact lap splice between the splice bar and the stirrups in the beam is used to
transfer lateral tensile forces between the beams. This is a non-contact lap splice between the
splice bar in the VHPC and the stirrups in the traditional concrete beams.
Another situation of this type of splice is in inverted T-beam systems. These T-beams are
wider and shallower than traditional T-beams and are used in similar situations as adjacent box
beams. The inverted T-beams are precast and placed next to each other. Reinforcement is placed
above the beams and a concrete topping is cast to connect the beams and to provide for
composite action between the girder and deck. At the bottom of the structure a non-contact lap
splice is used to transfer lateral forces between beams and control cracking at the flange to flange
connection. There is a cold joint and inevitably a difference in concrete strengths between the
precast beams and the cast-in-place topping. A drawing of this is shown in Figure 3 with the noncontact lap splice highlighted.

Figure 3: Non-contact lap splice in inverted T-beam system
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The goal of this research is to investigate non-contact lap splices in dissimilar concretes.
T-beams in four point bending were used to create a region of constant moment, and therefore
constant tension forces in the bars where the splice was located. A total of eight beams were
tested with 2 in. or 4 in. spacings between the tension bars. All of the test specimens used a
rectangular blockout with an exposed aggregate finish for the splice bar. The blockout was filled
with VHPC to create the non-contact lap splice across a cold joint with differing types of
concrete. Only uncoated No. 4 bars were used to create the splice and VHPC and normal
concrete were used to form the beams. If a cold joint was used, it was a cold joint between
VHPC and normal concrete.
This thesis is organized into seven chapters. This chapter gave a general introduction to
the material discussed. The second chapter reviews the literature to examine and shows what has
been done in this area of research previously. These two chapters give a context to the rest of the
thesis. Chapter 3 gives the methods that were used to perform the research and Chapter 4 gives
all of the results from testing the specimens. The fifth chapter discusses these results and the
sixth chapter draws conclusions from the discussion. Finally, Chapter 7 gives recommendations
for future research in this area of study.

4

Chapter 2: Literature Review
This chapter gives an explanation of the previous research in this field. The areas of focus
are very high performance concrete, Menkulasi’s (2014) inverted T-beam system, Halbe’s
(2014) adjacent box beam repair system, interface shear, and previous research on non-contact
lap splices.

2.1 Very High Performance Concrete (VHPC)
There are many types of concrete, all used for different purposes, and there are also many
different types of high performance or high strength concretes. Currently, a very popular type is
Ultra-High Performance Concrete, or UHPC. It can be found commercially in pre-formulated
mixes and can also be made using traditional methods with admixtures. The most common
definition describing UHPC is given by Graybeal (2006):

UHPC tends to have the following properties: compressive strength
that is greater than 21.7 ksi, internal fiber reinforcement to ensure
nonbrittle behavior, and a high binder content with special aggregates.
Furthermore, UHPC tends to have a very low water content and can
achieve sufficient rheological properties through a combination of
optimized granular packing and the addition of high-range water
reducing admixtures.

The concrete used in these tests does not quite meet these suggested minimum standards,
but it is very similar. Therefore, it has been termed Very-High Performance Concrete or VHPC.
Field (2015) describes the development of the VHPC. Researchers at Virginia Tech continued
work by Aknoukh (2008) by changing the mix design with the highest tested compressive
strength. Steel fibers (2% by volume) were added, the Type III cement was replaced with Type
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I/II cement, and the Class C fly ash was replaced with Class F fly ash. Halbe (2014) discusses the
various material properties of this VHPC. Compared to typical normal strength concrete, it has
much improved characteristics. Not only are the ultimate strengths much higher than normal;
durability, ductility and early strength gain are better. It is also cheaper than UHPC since it is
non-proprietary. Some sample properties of VHPC are shown in Table 1 below. Each line is a
separate batch.

Age at Testing (Days)
7
8
9
10

Table 1: Typical Properties of VHPC
Compressive Strength, ksi
Splitting Tensile Strength, ksi
12.9
1.62
12.4
1.66
13.5
N/A
13.8
1.75

Modulus of Elasticity, ksi
5750
5440
5680
5250

VHPC has a very low water to cementitious material ratio as is characteristic of high
performance concrete. Admixtures typically used include fly ash, silica fume, high-range water
reducer, and steel fibers. Smaller than normal coarse aggregate is often used to increase
flowability so that it can get into smaller spaces with ease. In some cases it can be considered as
self-consolidating.
To give an idea of the durability of high performance concrete two studies are examined.
Several UHPC prisms were tested at the US Army Corps of Engineers Treat Island, Maine site to
test chloride ion penetration and freeze/thaw durability. The prisms were kept on a wharf and
submitted to cycles of wet and dry in the sea water as the tides cycled. During the winter, the
samples were also subjected to freeze/thaw repeatedly. Chloride penetration was found to be
roughly one fifth of what would be expected in normal strength prisms. The samples also still
had sharp corners and edges as opposed to rounded ones on normal samples, which shows much
superior freeze/thaw durability (Perry et al., 2014). Field (2015) found in ASTM C666 (2008)
6

tests that no significant weight of VHPC or UHPC was lost during 306 cycles of freeze and thaw.
There was no scaling of the samples at all.
As would be expected, high performance concrete has shorter development and splice
lengths than normal strength concrete. Several studies have found that these distances can be
shortened significantly. Halbe, et al. (2014) found that using proprietary UHPC and the VHPC
mix from Virginia Tech allows No. 6 bars and No. 4 bars to yield with splice lengths less than 12
in. It was recommended that a 5 in. splice be used for uncoated No. 4 bars in UHPC or Virginia
Tech’s VHPC. A 6 in. splice was recommended for No. 4 bars in UHPC. Results can be found in
Table 2 and Table 3. The test setup can be found in Figure 4.
The beams were loaded in four-point bending so that a region of constant moment was in
the middle, including the splice area. The gap in the middle was crossed by compression
reinforcement at the bottom with strain gages attached. The pocket was filled with UHPC or
VHPC to surround the tension reinforcement that was extending from the precast beam into the
pocket. Using the force found in the compression reinforcement from the strain gages, the force
in the tension bars was calculated. All of the tension bars yielded before considerable slip
occurred. The applied load for bar yield in the No. 6 bars was 28.2 kips and 12.8 kips for the No.
4 bars.

Table 2: Test Results for Specimens with No. 6 bars and UHPC
Splice Length (in.)

Compression
Reinforcement

First Cracking
Load (lb)

Maximum Load (lb)

Failure Mode

5
6
7
8

2 No. 6
2 No. 6
2 No. 8 and 1 No. 7
2 No. 8 and 1 No. 7

7800
8000
9000
9300

35,080
35,710
43,200
43,480

Slip
Slip
Slip/split
Slip/split
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Type of
Concrete
UHPC
UHPC
UHPC
UHPC
UHPC
VHPC
VHPC
VHPC
VHPC
VHPC
VHPC

Table 3: Test Results for Specimens with No. 4 bars in UHPC or VHPC
Compression
First Cracking
Maximum
Splice Length (in.)
Reinforcement
Load (lb)
Load (lb)
5
2 No. 4
7200
28,000
6
2 No. 4
6900
26,500
3
2 No. 7 and 1 No. 6
5800
15,700
4
2 No. 7 and 1 No. 6
7500
24,500
5
2 No. 7 and 1 No. 6
9000
29,600
5
2 No. 8
3200
24,500
6
2 No. 8
3000
28,700
5
2 No. 8
1500
28,300
3
2 No. 8
1000
21,300
4
2 No. 8
2000
21,800
4
2 No. 8
1500
23,800

Failure Mode
Slip
Slip/split
Slip/split
Slip/split
Slip/split
rupture
Slip/split
Slip
Slip/split

Figure 4: Splice Length Test Setup

Similar results were found by Yuan and Graybeal (2014) using a different test setup and
UHPC. Theirs was a more direct testing of splices in tension using a precast slab and a small
UHPC strip for the splice area. The precast slab was poured with No. 8 bars extending from it in
rows at predetermined spacings. A UHPC strip was then cast over each line of reinforcing bars
with the bar that was being tested extending from it. The test setup is better understood using
Figure 5 and Figure 6.
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Figure 5: Yaun and Graybeal test setup (from end)

Figure 6: Yaun and Graybeal test setup

It was found that a bar stress of over 70 ksi can be achieved using an embedment length
of only six bar diameters if the bar is uncoated. Epoxy coated bars required eight bar diameters
of embedment length to reach the same bar stress. Interestingly, when a non-contact lap splice
with bar spacing less than lstan(ϴ) was used, a higher bond strength was achieved than with a
traditional contact lap splice. The angle between the diagonal cracks and the testing bar was ϴ
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and the overlapped distance was ls. Once a spacing above lstan(ϴ) was used, the bond strength
decreased (Yaun and Graybeal, 2014).
The advantages of using a high performance concrete are evident. When compared to
normal strength concrete, it is stronger in both compression and tension. This, in part, leads to
much shorter development and splice lengths. It is more resilient to the rigors of the
environment, making it more durable. It has proven to be a remarkable material for connection
and repair purposes, which is why it is used in this project.

2.2 Inverted T-Beam Systems
The Inverted T-beam system provides structural efficiency that cannot be found in many
other systems. The system acts in conjunction with a cast-in-place slab to carry the forces much
like a traditional solid cast-in-place slab. There are several different cross-sections used for the
varied situations that inverted T-beams can be applied to.
The particular system being studied was developed as an accelerated bridge construction
alternative for short to medium span bridges. It is also meant to address the reflective cracking
problem that is often found when adjacent box beams or voided slabs are used. In most
applications, a T-beam is tall and skinny, with a slender stem much like a capital letter T.
However, that configuration will not transfer the forces from the slab to the beams very well
without using studs that extend out of the formwork. This can become a problem when forming
and casting the beams. The system in consideration avoids the inconvenience of the studs by
using formwork with small longitudinal grooves in it so that the cast-in-place topping has some
interlock with the precast beams. It is a shallow system that effectively acts as a large two-way
flat plate once the cast-in-place topping has hardened. It consists of adjacent, precast, prestressed

10

inverted T-beams that are tied together using reinforcing steel that is part of the cast-in-place
topping. The reflective cracking problem is solved by the combination of the reinforcing steel
crossing the joint and by having a thicker section of the cast-in-place topping directly over the
joint between beams (Menkulasi, 2014). This requires the crack to propagate either through the
cast-in-place deck at its thickest point or it must delaminate the topping from the beams and
crack the topping at its thinnest area over the web of the beams. An example of this type of cross
section can be seen in Figure 7.

Figure 7: Example cross-section of Inverted T-beam system at longitudinal joint (Menkulasi 2014)

As highlighted in Figure 7, a non-contact lap splice transfers the transverse tension force
from beam to beam. One of the purposes of this study is to verify that this splice transfers the
tension force from the lateral reinforcement in the precast beams to the steel directly above the
joint between beams. If the force is transferred across the joint by the steel, then delamination
and cracking will be kept under control.

2.3 Adjacent Box Beam Systems
Another popular system for short to medium span bridges is adjacent box beams. It
consists of hollow, rectangular box shaped beams that are adjacent to each other. The beams are
connected to each other through a variety of means which vary depending on the situation and
11

the state in which the bridge is located. Almost every bridge is laterally connected using at least a
full or partial depth grouted connection called a shear key. In some cases tensioned, threaded
rods or post-tensioning strands are used to help hold the beams together and to assist in the
lateral load carrying abilities of the bridge. A typical cross section of an adjacent box beam
bridge is shown in Figure 8 below:

Figure 8: Typical adjacent box beam bridge cross section (Halbe 2014)

Since the beams are next to each other and grout keys fill any small gaps between them, a riding
surface or topping can simply be placed directly on top of the beams. If a composite topping is
desired, concrete is used. If not, bituminous materials can be used. (Halbe, 2014)
The main problem faced by adjacent box beam bridges is long-term reflective cracking in
this topping. It forms as the shear keys fail between the beams and load distribution deteriorates
across the width of the bridge. The beams bend away from each other laterally and deflect
vertically in relation to each other. This leaves the topping to take the shear forces between the
beams, which it is not normally capable of handling. At first, the shear key does not crack but
delaminates from one or both of the beams that it is connecting. This prevents gross relative
displacements but allows enough displacement to crack the topping (Huckelbridge et al., 1995).
More significant failure and cracking of the shear key is most likely caused by temperature
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gradients, shrinkage, and live loads (Russell, 2009). This reflective cracking can be seen in
Figure 9, highlighted by the attempted repairs.

Figure 9: Reflective cracking along beam joints highlighted by attempted repairs

This reflective cracking leads to further problems in the form of chloride laden water
penetration. This water causes several problems; the first of which is mostly aesthetic.
Efflorescent stains form along the leaking joints which can make the bridge unsightly. A much
worse problem is penetration of the chlorides into the concrete and around any steel. This causes
a chemical reaction with the steel leading to corrosion and expansion of the steel. This leads to
concrete spalling and eventually to complete loss of area in the prestressing strands and/or the
reinforcing bars (Gulyas et al., 1995). Complete loss of reinforcement and prestressing stands
can be seen in Figure 10.
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Figure 10: Spalling and total loss of reinforcing and strands (Halbe 2014)

To solve these problems, Field (2015) proposed that small bow-tie or dog-bone shaped
blockouts be spaced every few feet along the length of the joints to join the beams at the top,
underneath the driving surface. These blockouts would be 4 in. deep and filled with a reinforcing
bar surrounded by cast-in-place VHPC or UHPC. This would prevent the beams from spreading
apart at the top and help prevent differential vertical displacement so that reflective cracks would
not form. A non-contact lap splice between the stirrups in the beam and the bar in the blockout is
one of the mechanisms that allow the blockout to transfer tension forces from one beam to
another.

2.4 Non-Contact Lap Splices
Traditional non-contact, or spaced, lap splices are fairly well researched. In some cases it
seems that having the bars spaced apart actually improves the behavior and strength of the splice.
This is due to the fact that aggregate and the concrete as a whole gets in between the bars better
and creates a better bond (Walker, 1951; Hamad and Mansour, 1996). In other cases tied
reinforcing bars perform slightly better (Chamberlin, 1952). Seismic situations apply stresses
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differently through repeated cycles of loading. Sagan, Gergely, and White (1991) show test
results that non-contact splices can withstand more inelastic load cycles than contact splices.
Wight, MacGregor, and Richart (2012) explain the mechanism by which forces are
transferred between spaced bars. Tension in the reinforcing bars causes radial outward pressure
on the concrete. The forces in the direction of another bar are transferred by compression struts
that form between the two bars. Confining tensile forces are provided by the surrounding
concrete and transverse reinforcement (Sagan et al., 1991). The compressive strut mechanism
can be seen by the cracking pattern in Figure 11.

Figure 11: Force transfer and cracking pattern of a non-contact lap splice (Wight et al., 2012)

McLean and Smith (1997) did a series of tests using non-contact lap splices in column to
shaft connections under monotonic and cyclic loading. It was determined that transverse
reinforcement is necessary to fully develop the strength of the splice, even with long splice
lengths. They also found that it is possible to design these connections to withstand repeated
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cyclic tension and flexural loading with no reduction in strength. They recommend that the noncontact lap splice length be the sum of the standard required contact splice length and the offset
distance between the bars. An example of their column-shaft connection test specimen is shown
in Figure 12. It was anchored at the bottom of the footing and loaded at the top in pure tension or
flexure.

Figure 12: Column to shaft connection test setup detail (McLean and Smith, 1997)

In 2008, Ha and Kim proposed a new beam to column connection for moderate seismic
regions. It uses precast beams and columns with special details around the joint. The ends of the
beams are U-shaped and bars are dropped into these U-shaped areas. The columns are stopped
just short of the joint area. Concrete is placed into the voided area completing the connection.
Figure 13 shows the details of the connection.
16

Figure 13: Proposed Beam-Column Joint (Ha and Kim, 2008)

A non-contact lap splice is used to connect the bottom bars and the connection bars that are
dropped in. They found that using the right size bar (D19) makes this connection feasible. A
standard contact lap splice length is recommended in this case. The experimental test results
agreed with finite element models.
There has also been much work done utilizing non-contact lap splice connections in
UHPC, mainly by the US Federal Highway Administration. Graybeal (2011) used a non-contact
lap splice as a simple connection between two precast slabs. The setup can be seen in Figure 14.
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Figure 14: Slab with non-contact lap splice in UHPC connection (Graybeal, 2011)

The slab was subjected to a large static overload and then 11.5 million subsequent cycles of
increasing load to simulate truck wheel loading. It was determined that the reinforcement in the
UHPC was not susceptible to debonding and a development length of 5.9 in. for the No. 5 bars
was acceptable. The specimen failed due to metal fatigue in the rebar.
Also, as discussed above in Section 2.1, Yaun and Graybeal (2014) determined that when
in UHPC:
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Non-contact lap splice specimens, where the bar spacing is less
than lstan(θ), exhibit higher bond strength than contact lap splice
specimens; when the bar clear spacing is bigger than lstan(θ), the
bond strength decreases as compared to those having lesser
spacing. When the bar clear spacing is bigger than lstan(θ), the
induced diagonal cracks from the pullout force will not intersect
with the adjacent bar. The adjacent bar will not help stop the
propagation of the diagonal cracks. The bond strength becomes a
function of the mechanical properties of the UHPC.
Overall, there does not seem to be a significant difference between contact and noncontact lap splices within reasonable spacing requirements (Walker, 1951; Chinn, Ferguson, and
Thompson, 1955; Kluge and Tuma, 1945; Chamberlin, 1958). This has been evaluated using a
variety of methods. Pull-out blocks (Figure 15), beams (Figure 16), and slabs (Figure 17) have
all been used to test the basic non-contact lap splice idea. To simulate different uses,
subassemblages of the specific situations have been used to verify the applicability of a noncontact splice.

Figure 15: Pull-out Splice Test (Chamberlin, 1952)
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Figure 16: Beam Splice Test (Chinn et al., 1955)

Figure 17: Slab Splice Test (Hamad and Mansour, 1996)

The American Concrete Institute has simple regulations concerning non-contact lap
splices. Section 12.14.2.3 of ACI 318 (2011) states the bars must “not be spaced transversely
farther apart than the smaller of one-fifth the required lap splice length, and 6 in.” The splice
length is calculated as if it were a traditional contact lap splice length, according to Sections
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12.14 and 12.15. The American Association of State Highway and Transportation Officials does
not cover non-contact lap splices.

2.5 Interface shear of unreinforced concrete
An important aspect of the interaction between two different concretes at a construction
joint is the interface shear capacity along the surface. In most cases, there is steel reinforcement
crossing the boundary between the two concretes which significantly raises the shear capacity.
The case being studied here is purely shear between two sections of the regular precast concrete,
however, so it does not.
Choi, Fowler, and Jirsa (1999) investigated the effect of curing method and the age of the
overlain concrete. They found that curing method has a significant effect on the interface
strength. Moist curing provides the most strength and strength decreased shortly after stopping
moist curing. A good bond between the concretes developed 24 hours after casting. It was also
found that delamination of the overlain concrete can start within the first 48 hours after
placement due to thermal and shrinkage effects.
Banta, et al. (2004) studied interface shear between UHPC and lightweight concrete using
push off specimens. It was found that the various design equations given in the literature were all
conservative when compared to their results. Ahmed and Ansell (2010) did similar push off tests
with high strength steel fiber reinforced concrete. They performed these tests with both
uncracked and pre-cracked specimens. It was determined that increasing the fiber content
increases the shear strength of the interface. Figure 18 gives an illustration of a sample push off
test.
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Figure 18: Sample L-shaped push off test specimen (Ahmed and Ansell, 2010)

In 2000, Gohnert tested 12 push off specimens in a slightly different manner. He was
comparing his results to horizontal interface shear of a composite beam in bending. The equation
given in his conclusions is closer to test results than the current standards, but still gives a
conservative estimate. Then, in 2003, Gohnert published results from very similar tests. The
results were very similar in terms of interface shear strength. His test setup is shown in Figure
19.

Figure 19: Sample beam-like push off specimen (Gohnert, 2000)
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From further investigation of all of these tests it can be seen that increasing concrete
strength, fiber content, or surface roughness all increase the shear strength between two
concretes or concrete with a crack. All of the results discussed in this section and shown below in
Table 4 are for roughened surfaces with no reinforcing steel across the crack or interface.

Table 4: Unreinforced, precracked interface shear strength data
Surface Condition

Shear Strength (psi)

Specimen ID

Source

Exposed Aggregate
Exposed Aggregate
Exposed Aggregate
Exposed Aggregate
Exposed Aggregate
Exposed Aggregate
Exposed Aggregate
Exposed Aggregate
Chipped
Pre-cracked plane
Pre-cracked plane
Pre-cracked plane
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked
Raked

205
164
247
297
229
263
315
223
401
319
696
1001
152
100
149
181
115
126
180
184
136
167
161
183
91
156
131
184
162
161

4-0-1D
4-0-1.5D
4-0-2D
4-0-3D
4-0-4D
4-0-7D
4-0-14D
4-0-28D
18C-0L-0-A
CR1-1
CR3-1
CR4-1
1
2
3
4
5
6
7
8
9
10
11
12
B-1
B-2
B-3
B-4
B-5
B-6

Choi et al., 1999
Choi et al., 1999
Choi et al., 1999
Choi et al., 1999
Choi et al., 1999
Choi et al., 1999
Choi et al., 1999
Choi et al., 1999
Banta et al., 2005
Ahmed and Ansell, 2010
Ahmed and Ansell, 2010
Ahmed and Ansell, 2010
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2000
Gohnert, 2003
Gohnert, 2003
Gohnert, 2003
Gohnert, 2003
Gohnert, 2003
Gohnert, 2003
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Previous research covering interface shear without reinforcement crossing the failure
plane and without a pre-existing crack is less common. Mattock et al., (1976) studied the effect
of different types of aggregate on the interface shear strength. An L-shaped push-off specimen
was used to test 4 different types of aggregate: naturally occurring gravel and sand, coated and
rounded lightweight aggregate, crushed angular lightweight aggregate, and a “sanded
lightweight” aggregate in which most of the lightweight fine particles were replaced with normal
weight sand. He found that the shear transfer strength of lightweight concrete is less than normal
weight concrete of the same compressive strength. Also, coefficients of friction for interface
shear strength calculations are given for lightweight concretes.
Hofbeck et al., (1969) also used L-shaped push-off specimens. The variables studied
include the influence of a pre-existing crack, changes in reinforcing strength and arrangement,
and the influence of concrete strength on the interface shear strength. It was found that a preexisting crack reduces the ultimate shear strength and increases slip values. They also concluded
that the interface shear strength is a function of the reinforcing ratio, the reinforcement strength,
and the concrete strength. As these values increase, so does the interface shear strength.
In 2010, Ahmed and Ansell investigated the effect of concrete with high strength fibers
on interface shear strength. They also used L-shaped push-off test specimens. They determined
that steel fibers increase the interface shear strength as would be expected. The fibers cross the
failure plane, holding the specimen together better and thereby increasing the normal force and
the interface shear strength.
The uncracked, unreinforced test results from these three research projects are shown in
Table 5.
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Table 5: Uncracked, unreinforced interface shear strengths
Source
Specimen ID
Shear Strength (psi)
Mattock, et al., 1976
A0
500
Mattock, et al., 1976
E0
560
Mattock, et al., 1976
G0
530
Mattock, et al., 1976
M0
590
Hofbeck et al., 1969
1.0
480
Ahmed and Ansell, 2010
UC1-1
580
Ahmed and Ansell, 2010
UC2-1
870
Ahmed and Ansell, 2010
UC3-1
1160
Ahmed and Ansell, 2010
UC4-1
1230

2.6 Summary
Advanced materials such as VHPC and unique solutions to common problems can make
our infrastructure perform better than originally designed. Field’s (2014) VHPC blockouts may
solve the problem of reflective cracking in bridge decks due to differential movement between
adjacent box beams. Menkulasi’s (2014) unique inverted T-beam system prevents similar
cracking in inverted T-beam bridges by acting as a composite slab. Both of these systems use
non-contact lap splices to bridge the gap between adjacent beams. Several studies concerning
the use and mechanics of non-contact lap splices were discussed. It was determined that they
work well, potentially better than contact lap splices. ACI 318 (2011) requirements state that the
bars must not be spaced farther than 6 in. and one-fifth of the lap splice length. The splice length
is calculated as if it were a contact lap splice. Lastly, interface shear was discussed when there is
no steel across the interface and when the surface was both roughened/precracked and
uncracked.
However, there is no research showing how well a non-contact lap splice performs when
there is a construction joint between the bars with different strength concretes surrounding each.
That is the focus of this research.
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Chapter 3: Procedure
This chapter gives a description of the test specimens, how the test frame was setup, a
description of the instrumentation, the way in which a test was run, and the schedule of specimen
testing.

3.1 Test Specimens
The test specimens used in this research project were designed to satisfy all of the
necessary ACI 318 (2011) development and splice length requirements while being as small as
possible. This made them easy to handle and less expensive to make; but also led to very small
tolerances during construction and testing. For future testing, it is recommended to make the
beams slightly larger so that it would be easier to construct and test.
Several types of test specimen were considered but it was decided that a beam in four
point bending was the best option. Beams in four point bending have been used to test splices
because of the constant moment region in the middle, meaning that the force in the reinforcing
bars will be the same along the length of the splice. After further refinement, a T-beam with the
reinforcement in the flange was selected. Figure 20, Figure 21, and Figure 22 give a basic view
of the reinforcing and beam geometry.

Figure 20: Basic side view of beam
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Figure 21: Basic top view of beam

Figure 22: Basic beam cross-section

The first four specimens were 77 in. long, which allowed for the ACI 318 (2011) required
splice lengths, development lengths, and a 3 in. gap for the splice bars to cross. This was the
minimum length that allowed for the proper development, splice lengths, and cover. Hooks as
shown in the figures were used to shorten the beam even further. The calculation for the
development length of the hook according to ACI (2011) Building Code requirements 12.5.2 and
12.5.3 is shown below:
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Each 7 in. dimension in Figure 20 and Figure 21is the development or splice length of the
bars in that area. Starting from the ends of the beam, the longitudinal bars were required to be
developed before they reached the supports. Similarly, they were required to be fully developed
at the ends of the blockouts if starting from their midspan ends. The splice bars were developed
by the point at which the longitudinal bars turned down. This allows for complete transfer of
forces between bars. This also mimics the situation in Halbe’s (2014) adjacent box beam repair.
The last four specimens were 96 in. long but with the same splice lengths. The longer length
allowed for higher tolerances when placing the beam. A summary of the different beams is in
Table 6. Each beam had 7 in. splice lengths per side.

Specimen
#
1
2
3
4
5
6
7
8

Table 6: Summary of Specimens
Beam
Blockout
Description
Length
Length
Regular VHPC blockouts
77 in.
17 in.
Regular VHPC blockouts
77 in.
17 in.
Regular VHPC blockouts
77 in.
17 in.
Tied bars in single VHPC blockout
77 in.
17 in.
Extended VHPC blockouts, transverse bars
96 in.
20 in.
Extended VHPC blockouts, no splice bars
96 in.
20 in.
No blockout, all precast
96 in.
N/A
No blockout, all precast, transverse bars
96 in.
N/A

Bar Spacing
3 in. VHPC & 1 in. Precast
2 in.
4 in.
0 in. in VHPC
4 in.
4 in. to center of blockout
4 in.
4 in.

A parametric study was done to determine the optimum dimensions of the cross-section
of the beam. Since the minimum amount of reinforcing steel, according to American Concrete
Institute Building Code 318, Section 10.5.1 (2011), was not met, the ratio of cracking moment to
nominal moment was reduced as much as possible. This was done to prevent yielding in the
reinforcing bars immediately at or near first cracking. With very little reinforcing steel, the
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cracking moment can become more than the flexural strength as a reinforced concrete section,
leading to sudden failure (ACI 318, 2011). The resulting basic cross-section of the beam is seen
in Figure 22. In reality, the hooked bars were angled inward to be roughly parallel with the sides
of the stem to allow for better cover.
For some specimens the splice bar was left out or the blockout was excluded to compare
different situations. Specimens 5 and 8 had a transverse bar placed beneath each end of the
blockouts to help confine the section around the splices.
Specimen 1 was originally intended to have a 6 in. total spacing between bars but a
mistake led it to have a 4 in. spacing with 3 in. of VHPC and 1 in. of precast concrete. Although
unintentional, this did give some insight into what happens with uneven amounts of each type of
concrete between the bars. Specimens 2 and 3 were done to test different spacings of the bars at
2 in. and 4 in. respectively. Specimen 4 was done as a control to have a contact lap splice in
VHPC to compare against. Specimens 5 and 6 had an extended blockout to see if it would
increase the flexural capacity of the beam. The splice bar in the blockout did not change length
though. It was always 17 in. long. Specimen 5 also had transverse bars in hopes that they would
hold the splice region together laterally, giving more moment capacity. It was decided that the
splice bars were most likely not necessary given the behavior of the previous beam. In fact, the
tensile capacity of the VHPC in the blockout alone was actually more than the tensile capacity of
the bar. Therefore, Specimen 6 did not have any splice bars. Specimens 7 and 8 were also used
as controls. They had no blockouts, so that other specimens could be compared against noncontact lap splices in a single material. They kept the shorter splice length of VHPC.
The blockout is filled with VHPC and usually a splice bar, shown by the darkened
circles. VHPC was chosen as the blockout material for several reasons. First, it mimics the
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situation in Halbe’s (2014) adjacent box beam repair. It also allows for much shorter splice
lengths (Halbe et al., 2014). The splice bars were set on chairs so that they were at the correct
height. In most cases, the distance between the bars is split equally by the distance to the
interface between the VHPC and the precast concrete. All of the specimens were given an
exposed aggregate surface along the interface between the VHPC blockouts and the precast
concrete. This was done to increase the bond between the VHPC blockout and the precast
concrete. It prevented the blockout from popping out during testing. The exposed aggregate
surface can be seen in Figure 23.

Figure 23: Exposed aggregate surface of blockouts

Conrock of Blacksburg, Virginia supplied the concrete for the precast beams. The
strength of the concrete was ordered as 4 ksi, but varied considerably between batches. Water
was added at the laboratory until the slump, measured according ASTM standard C143, was
between 6 in. and 7 in. This added water is included in the values below. Table 7 gives the mix
design for each pour.
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Table 7: Precast concrete mix proportions per cubic yard
Constituent
First Pour
Second Pour
#78 stone
1427 lb
1440 lb
Natural sand
1593 lb
1567 lb
Type I/II Cement
483 lb
483 lb
Water
17 gal
12 gal
Fly ash
155 lb
163 lb
Air Entraining Admixture
3 fl. Oz.
3 fl. Oz
Water Reducing Admixture
36 fl. Oz.
36 fl. Oz.
W/C ratio
0.22
0.15

The VHPC is made in the laboratory in a portable mixer. The mix design for the VHPC
used in this research is shown in Table 8. The portable mixer can be seen below in Figure 24.
Table 8: VHPC mix proportions per cubic yard
Constituent
Pounds per yd3
Water
319
Type I/II Cement
1121
Fly Ash
240
Silica Fume
240
Sand
1450
¼ in. Limestone
621
Steel Fibers
265
High Range Water Reducer
7102 ml (15 oz/cwt)

Figure 24: Portable concrete mixer used for VHPC
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It was important that the mixer be stopped two or three times during the mixing process
so that the sides and bottom could be scraped. This was done so that any cement or sand that was
unhydrated could be mixed back into the rest of the batch. The mixer was started with the sand
and stone inside so that it could mix. Soon after, a small portion of the water was added so that it
could coat all of the aggregate. After this was well mixed, all of the cementitious material and
the rest of the water were mixed in. Even with all of the water in the mix, it was fairly dry. This
was allowed to mix for several minutes with large chunks being manually broken up. At this
point, the high-range water reducing admixture was added. This made the mixture the proper
consistency and allows it to be self-consolidating. After this mixed for about 5 minutes, the steel
fibers were added. They come out of the bag in small clumps but the mixing process separates
them and distributes them throughout the mixture.
The fibers were Dramix ZP 305 fibers manufactured by Bekaert. They are roughly 1.18
in. long and 0.02 in. in diameter, with hooked ends for better anchorage. The bags of steel fibers
have fibers that are glued together mixed in with single fibers. The mixing process breaks up the
groups of fibers well. Once the fibers were broken up and well distributed, the mix was ready to
be placed into the blockouts and made into cylinders.
During the mixing process, the blockouts were sprayed several times with water to give
them a saturated surface dry (SSD) condition. This prevented the precast concrete from
absorbing water from the VHPC. Since VHPC is self-consolidating, the VHPC was simply
placed into the cylinder molds with no tamping necessary. The way in which the VHPC was
placed into the blockouts was important. In previous studies using VHPC, it was found that
VHPC can sometimes leave small voids underneath bars if it is simply placed on top of them. To
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prevent this from happening, the VHPC was placed off to the side of the bars so that it could rise
from the bottom up, getting around the entire bar.
The amount of high-range water reducer can be varied slightly so that the flow is
desirable. It is recommended that 15 oz/cwt of cementitious material be the starting point and
increments of 1 oz/cwt be added at a time. The mix design for VHPC can be found in Table 8
below. The first batch used 17 oz/cwt of high-range water reducer and the second batch used 23
oz/cwt.
The exposed aggregate finish in the blockouts was done using an Altus Series In-Form
Retarder made by Architectural Concrete Chemicals for full exposure of medium sized aggregate
(specified by its light green color). This particular brand and type was suggested by Ben
Graybeal of the FHWA as he has used it on some of his research projects. The retarder was
applied to the forms used for the blockouts with a paint brush according to the instructions on the
bucket. After initial set of the precast, the blockout forms were removed and the interface
surfaces were brushed to an exposed aggregate surface using a wire brush. All of the blockouts
were vacuumed immediately so that the dust would not absorb any moisture from the remaining
concrete and harden.
The blockout forms of Specimens 1, 2, and 3 were made of wood which proved to be
very difficult to remove. All of the other blockout forms were made of foam wrapped in duct
tape. The duct tape not only helped hold the foam together, but it formed a barrier so that the inform retarder would not be absorbed by and dissolve the foam. All of the blockout forms were
held in place using wood that went over the top surface of the concrete. Figure 25 shows the
wood holding the completed blockout forms in place before concrete placement. The light green
tint on the duct tape is the in-form retarder.
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Figure 25: Blockout forms in place and coated with in-form retarder

After the first four tests were performed, thought was given to the last four. An analysis
of the failure plane of the beams was done and it was hypothesized that the moment capacity of
the beams could be increased by increasing the length of the blockouts. A detailed explanation of
this can be found in the discussion section. The interface shear strength was found and the
blockouts were lengthened 3 in. for a total length of 20 in.
The forms for the beam itself were designed so that they could be easily taken apart and
put back together. This allowed the forms to be reused and for the beams to be removed from the
forms easily. The beams were cast in two rounds of four beams. All of the beam forms were
made from 2 by 4’s and sheets of form oil impregnated plywood called plyform. Plyform, along
with the slope in the stem of the beam and a chamfered corner between the stem and flange
helped in removal of the beams from the forms. The chamfered corner also helped with
distributing potential stress concentrations at that interior corner. The forms were constructed in
such a way that the sides and bottom were modular. All four sides could come off independently.
If necessary, the bottom and/or stem forms could be removed as well.
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As can be seen in drawings, the reinforcing bars were placed quite close to some surfaces
of the concrete. The cages were assembled on sawhorses and then placed into the forms. The
longitudinal bars were clamped down to the sawhorses at the proper spacing and then the stirrups
were slid over them and tied in place at 4 ¼ in. spacings on center maximum. The stirrups were
only used where necessary, outside of the supports. The end of each cage with stirrups sat on and
was tied to pencil rod that crossed the width of the beam and was anchored in the sides of the
forms. At the loose end, the bars were hung with tie wire from another piece of rebar that was
above the surface of the finished concrete. This can be seen in Figure 26. Lifting hooks were also
attached to the longitudinal bars at roughly the third points of the beam.

Figure 26: Reinforcing bars in forms

All of the longitudinal and splice bars were No. 4 bars. The lifting hooks and stirrups
were No. 3 bars. The stirrups were closed with 90° hooks. It was important that the stirrups were
well-made because of the low tolerances with minimal space in the stem of the beam.
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Once the bars were anchored and the forms were assembled, the concrete for the precast
beams was placed. It was poured from the truck into a skip and then carried by crane across the
lab to the forms. It was allowed to slowly drop into the forms so that the reinforcing bars were
not jarred. A pencil vibrator was used to consolidate the concrete and maneuver it into the tight
places around reinforcing bars. Once the forms were full and consolidated, the tops of the beams
were given a float finish by hand. This can be seen in Figure 27.

Figure 27: Precast beam after float finish is applied

Soon after the float finish was completed, the beams were covered. Specimens 1 to 4
were covered with just a plastic sheet. Specimens 5 to 8 were covered with wet burlap and
plastic. The burlap was lightly sprayed with water once a day for the first three days of curing.
Forms were not removed until the day of testing. The burlap was added to the curing process for
the second set of beams to help with subsidence cracking. The first four beams had significant
subsidence cracking over the longitudinal bars, stirrups, and in some cases, the pencil rod. The
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burlap reduced the amount of subsidence cracking considerably. The subsidence cracking is
highlighted in Figure 28.

Figure 28: Subsidence cracking over longitudinal bar, stirrups, and pencil rod

3.2 Test Setup
The test was performed in a frame that allowed for easy application of the loading that
was needed and for convenient examination of the beam during testing. The specimens were
supported by W21x68 wide flange members that were bolted to the strong floor. These made the
test beams accessible from below. On top of the support beams were the roller and pin supports
that supported the beams. The pin restricted all movement except rotation along the out-of-plane
axis. The roller allowed rotation in the out-of-plane axis and movement along the longitudinal
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axis of the beam. Both were greased to reduce restraint from friction. The overall test setup can
be seen in Figure 29 and Figure 30 and the supports in Figure 31.

Figure 29: Test setup drawing

Figure 30: Picture of test setup
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Figure 31: Supports

An actuator and spreader beam assembly was used to apply load to the top of the beams.
The actuator applied load to the center of the spreader beam. At the points where the spreader
beam contacted the concrete beam, a ¼ in. thick rubber pad and a ¼ in. thick steel plate were
placed. The rubber pad was used to absorb the small imperfections in the surface of the concrete
and the steel plate was placed on top of that to spread the load over a wider area.
The load was always applied 2 in. from the specimen ends, which was possible by
moving the location of the W8x24 pieces along the length of the spreader beam. Columns were
bolted to the strong floor on either side of the specimen and two cross-beams were bolted to the
columns to hold the actuator above the specimen. This can be seen in Figure 32. The specimens
were also braced in the out-of-plane direction as shown.
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Figure 32: Complete test setup

The 300 kip capacity actuator was made by Enerpac and the first four specimens were
tested using an Enerpac pump as well. The last four specimens were tested using a SPX Power
Team pump that was virtually identical.

3.3 Instrumentation
The instrumentation was virtually the same for each beam, however there were a few
changes for different situations. There were several types of instrumentation used. Celesco
wirepots were used at the ends and in the center of the span to measure vertical specimen
deflections. A compressive load cell made by Strainsert was placed between the actuator and the
spreader beam to measure the load applied by the actuator. Strain transducers made by Bridge
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Diagnostics, Incorporated (called BDIs in this thesis) were used to measure the top and bottom
concrete surface strain at the specimens quarter span points and at midspan. Lastly, linear
variable displacement transducers (LVDTs) made by Trans Tek were used at the ends of the
blockouts to measure the opening of the gaps at those points. BDIs 3 and 5 were always placed at
midspan directly over the splice bar or in the case of Specimen 6, in the middle of the blockout.
The full instrumentation plan can be seen in Figure 33 and Figure 34 below.

Figure 33: Instrumentation plan from above and side
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Figure 34: Instrument placement on top of beam

Specimens 7 and 8 did not use LVDTS because there was no blockout. Also, the first four tests
did not have BDI 4 because of an equipment malfunction.
The BDI strain transducers were adhesively bonded to the beam following grinding of the
adhesive areas. The LVDTs were attached by screwing them into an adapter which was
adhesively bonded onto smoothed off spots on the beam. Care was taken that the LVDTS were
parallel with the longitudinal axis of the beam and they were in line with the BDI gages.
Wirepots sat on concrete blocks and the cable was connected to a hook that was adhesively
bonded to the bottom of the beam. The measurement was taken along the centerline of the beam,
2 in. from the ends and at midspan. A plumb bob was used to make sure the cable was vertical.
The sensors can be seen in Figure 35 through Figure 37.
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Figure 35: Wirepot setup

Figure 36: BDI strain gage glued to specimen
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Figure 37: LVDT setup

The wirepots, load cell, and the LVDTs were directly calibrated and the BDI gauges were
calibrated by manually inputting given values from the manufacturer. A Vishay System 5000
data acquisition system in conjunction with StrainSmart software was used to record data and
calibrate the instruments. While the same model was used, a different System 5000 was used for
the last four tests. This allowed the use of all eight BDI strain gages. Specimens 3 and 4 do not
have any LVDT or wirepot data because the sensors failed and it was not known until after both
tests had been performed. This was also a reason for switching out the System 5000s.

3.4 Test Methods
This section presents the methods used in testing the specimens. Once the beam was in
the test frame, it was centered beneath the actuator using a plumb bob. This assured that the
beams were being loaded evenly on both ends. The supports were adjusted and clamped in place
to prevent movement during testing. Subsidence cracks were marked so that they could be
differentiated from flexural cracks. Normally, five equal load increments were used before and
up to the anticipated cracking load. After that, the load was increased in approximate 5 kip
increments. At each load increment the beam was checked for cracks. If a crack was found, its
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width was measured using crack gauge cards. The cracks were also marked and labeled. The
crack width was measured at the same spot for every load increment and was recorded on the test
sheet. This was done to get a general idea of the rate of the crack expansion. However, because
of the brittle failure of the specimens, crack measurements were not done after significant
cracking.

3.5 Test Schedule
The casting and testing were done in two rounds. The first four specimens constituted
Round 1 and Round 2 was Specimens 5 to 8. There was a large gap between the first placement
date and the first round of testing because of equipment problems. Because of time constraints
the second round of testing was started once the precast, regular concrete reached a strength of
about 4 ksi instead of waiting the traditional 28 days. The VHPC gains strength so quickly that it
was to strength at that time also. Table 9 gives the dates that the concretes were cast and when
the specimens were tested.

Precast placement
VHPC placement
First beam test
Second beam test
Third beam test
Fourth beam test

First Round
12/5/2014
12/8/2014
3/24/2015
3/30/2015
3/31/2015
4/1/2015

Table 9: Test schedule
Specimen Age (days)
Second Round
N/A
4/9/2015
N/A
4/13/2015
109
5/5/2015
115
5/6/2015
116
5/8/2015
117
5/12/2015
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Specimen Age (days)
N/A
N/A
26
27
29
33

Chapter 4: Results
This chapter describes each specimen and test. Plots are presented of load versus
displacement (wirepots), load versus surface strain (BDIs), and load versus gap opening
(LVDTs). Each specimen was pseudo-statically loaded in increments until failure. There are
several notes about the plots:


On each graph there are two horizontal lines in addition to the data itself. The lower,
dashed line is the theoretical cracking moment and the solid line above it is the
theoretical nominal moment. These are based off of tested material properties. ACI 318
(2011) Section 9.5.2.3 was used to calculate the cracking moment and the following
equations were used to calculate the nominal moment.

where:
As=area of reinforcing bars
fy=yield stress of reinforcing bars
f’c=compressive strength of concrete
b=width of section
d=distance from compression face to reinforcing bars


The axes in the LVDT and wirepot graphs are all standardized so that quick relative
comparisons can be made between them. They also share the same y-axis scale with the
BDI strain gage plots. The one exception to this is the plots for Specimen 4. Since it went
to much higher values, the ranges are not standardized.



The BDI strain gage plots have the y-axis moved to the left side of the plot instead of the
typical placement at zero on the x-axis. This was done to make the values on the y-axis
and the data clearer.
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The dashed lines on the BDI strain gage plots are for the BDI gages that were on top of
the beam, so they tend to have tension strains. The solid lines are for the gages on bottom.



The dashed and solid lines on the LVDT plots are to differentiate between the LVDTs on
each side. So LVDT 1 and 2 should have similar values since they are both on the left
side of the beam.



Because of the short span (in relation to the height) of the specimens, there could be a
disturbed region near the supports as is commonly seen in deep beams. BDIs 1, 2, 7, and
8 were affected by this. They were placed 13.25 in. from the support and the specimens
were 13 in. tall.



There was no LVDT or wirepot data for Specimens 3 and 4 because the data acquisition
system did not record their data during those tests. Specimens 7 and 8 do not have LVDT
data because there were no blockouts. The first four specimens do not have a BDI 4
because it would not work under any circumstances.



In all of the BDI strain gage plots, certain data has been excluded because it is unreliable
or there was a problem with the sensor. All of the recorded data can be found in
Appendix B: All Strain Gage Results.



The full instrumentation plan can be found in Figure 33.

Concrete Material Property Testing
While concrete was being cast, 4 in. by 8 in. concrete cylinders were made according to
ASTM standards (ASTM C192, 2014) for compressive strength, splitting tensile strength, and
modulus of elasticity tests. A manually controlled Forney compressive testing machine was used
for all of the concrete material tests. Compressive strength was measured according to ASTM
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standard C39 (2014). Splitting tensile strength and modulus of elasticity was measured according
to ASTM standards C496 (2011) and C469 (2014) respectively. The summarized concrete
material properties can be seen below in Figure 38. Complete material testing data can be found
in Appendix A: Concrete Material Data.
Figure 38: Summary of concrete material properties (ksi)
Property (ksi)
Pour 1 Precast Pour 2 Precast Pour 1 VHPC
28 day compressive
4.95
4.15
16.0
Compressive during testing
6.59
4.09
16.9
Modulus of elasticity during
5070
3870
5810
testing
Splitting tensile during testing
0.516
0.484
2.13

Pour 2 VHPC
18.7
19.0
6560
2.20

Steel Reinforcing Bar Material Property Testing
The reinforcing bar was also tested to assure that it met the assumed material properties.
The procedure outlined in ASTM standard A370 (2014) was followed. All relevant
reinforcement was No. 4 bars. Three separate bars were tested in a Floor Model SFM Series
universal testing machine made by United Testing. All bars that were tested and used in the
specimens were from the same order from B&R Rebar in Richmond, Virginia. The modulus of
elasticity was around 30,000 ksi for all bars. The yield stress was around 63 ksi and the ultimate
stress was around 100 ksi for all bars. The plot can be seen in Figure 39.
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Figure 39: Reinforcing bar stress vs. strain plots
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Lap Splice Test Results
Specimen 1
Specimen 1 used a 17 in. blockout length with 3 in. of VHPC and 1 in. of precast
concrete between the bars. The No. 4 bar in the blockout went along the entire length of the
blockout with the standard 7” splice length at each end of the blockout. Drawings of the
specimen are in Figure 40.

Figure 40: Drawings of Specimen 1
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The specimen was loaded in increments of 5 kips by the actuator all the way until failure
occurred. The first crack formed at one end of the blockouts at roughly 25 kips (an applied
moment of 125 k-in); however, it was less than 0.005 in. wide. The first significant crack formed
at the predicted cracking moment at the other end of the blockouts, opening up to around 0.01 in.
As load was increased, the gaps at the ends of the blockouts expanded. Also, flexural cracks at
or near the supports formed, often initiated by subsidence cracks. These cracks can be seen in the
gap opening data in Figure 41 by the sudden decreases in moment and increases in strain.

Figure 41: LVDT measurement of gap openings for Specimen 1

At around 200 k-in of applied moment, one of the corners of the beam cracked. It started
as a subsidence crack over a longitudinal bar and then extended along the bar to the end of the
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beam. In the lateral direction, it joined with a crack over the support to isolate that corner. It did
not seem to have much of an effect on the rest of the beam, as it does not show in the data and
the beam continued to take load. The corner piece mainly included the flange and not much of
the stem of the beam. The crack can be seen in Figure 42.

Figure 42: Cracks near corner

As the cracks along the ends of the blockouts extended down the section, they tended to
propagate horizontally towards the middle below the blockouts. However, this specimen
debonded along the interface at the sides of the blockouts and failed with a vertical crack at the
end of one set of longitudinal bars in the precast concrete. This can be seen in Figure 43.

Figure 43: Specimen 1 failure surface
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The failure was sudden with very little warning, not a ductile failure. In fact, it failed
during crack inspection, not while the load was being increased. It did, however, reach the
nominal design moment before it failed at 284 k-in.
When comparing the vertical displacements at the ends (wirepots 1 and 3), they are found
to be essentially the same, showing that the loading was symmetrical. The maximum
displacement at the ends was 0.144 in. downward. Wirepot 2 is heavily influenced by the
deformation of the rubber pads in the system. As the rubber pads compressed under loading,
their deformation was greater than the deflection of the specimen, giving results of downward
movement, contrary to what would be expected. This can be seen in Figure 44. The very small
decrease in stiffness after cracking is unexpected. A much higher loss of stiffness would be
expected.

Figure 44: Wirepot displacement data for Specimen 1
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Measurements of strain were taken at the top and bottom of the beam at midspan and at
the quarter points of the span. Most of the strain measurements were similar in magnitude before
cracking, except for BDIs 2, 7, and 8 which were in the disturbed region near the supports. The
plot can be seen in Figure 45.

Figure 45: Strain measurements for Specimen 1
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Specimen 2
Specimen 2 had a 17 in. blockout with 1 in. of each concrete between the bars. The beam
was 77 in. long. The length of the reinforcing bar in the blockout was the full length of the
blockout with the standard 7” splice length at each end of the blockout. Drawings of the
specimen can be seen in Figure 46.

Figure 46: Drawings of Specimen 2
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The actuator also applied load in increments of about 5 kips for this specimen. The first
crack formed at the left support at an applied moment of roughly 150 k-in. The crack had a width
of 0.015 in. This crack formed at the theoretical cracking moment. At 175 k-in of applied
moment a second crack formed at the right end of the blockout. This is very clearly visible in all
of the data by the sudden decrease in moment. As load was increased, cracks formed at the other
support and at the other end of the blockouts. The gap opening data can be seen in Figure 47.
The gaps at both ends of the blockouts were similar in size throughout the test.

Figure 47: LVDT gap opening data of Specimen 2
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Flexural cracks started at the end of the blockouts and one propagated below the
blockouts but curved up to the top of the longitudinal bars in the middle. The crack followed the
top of the bars all the way down to the neutral axis, where the beam failed at 278 k-in which is
just above the nominal moment. The failure surfaces can be seen in Figure 48.

Figure 48: Specimen 2 failure surface

One of the blockouts in this specimen had a portion of the splice bar that was not fully
surrounded by the VHPC. This caused the beam to fail on that side. The VHPC was placed over
the top of the bar and flowed over and around it, but because of the viscosity of the VHPC and
the small width of the blockout, the VHPC did not get underneath for a couple of inches of the
end of one of the splice bars. This can be seen in Figure 49.

Figure 49: VHPC void underneath bar
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Once again, the vertical displacements at the ends of the beam were the same, meaning
that the beam was loaded symmetrically. The maximum displacement was about 0.17 in. at the
ends. Also in this test, the data given by the wirepot in the middle was strongly affected by the
rubber pads at the supports in the same way that it was in Specimen 1. The plot is seen in Figure
50.

Figure 50: Vertical displacement data for Specimen 2

The strain measurements were erratic and most were not dependable. As would be
expected, the top (dashed) strain gage measurements were all very similar except for BDI 7
which is in the disturbed region near the supports. The major crack at the right end of the
blockouts can be clearly seen around 175 k-in. by the significant drop in load. The specimen did
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succeed in reaching nominal design moment. Figure 51 shows the strain measurements of
Specimen 2.

Figure 51: BDI strain gage measurements for Specimen 2

Specimen 3
Specimen 3 also had the 17 in. long blockout with two 7 in. splice lengths. It was 77 in.
long and had 2 in. of VHPC and 2 in. of precast concrete between the bars for a total 4 in.
spacing. This was the standard spacing that the beams in the second round of testing used. Once
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again, the splice bars went the whole length of the blockouts. Figure 52 has the drawings of
Specimen 3.

Figure 52: Drawings of Specimen 3

This specimen was also tested using 5 kip increments all the way until failure. The first
crack formed around 125 k-in of applied moment, at the left end of the blockouts. Around 150
k-in a second, wider crack formed at the right end of the blockouts. As testing continued, cracks
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formed over the supports and a corner of the beam cracked as it did in Specimen 1. This time it
may have been caused by unbalanced loading. The spreader beam did not sit level on the surface
of the beam, even with the rubber pad in place. Spacers were placed underneath the corner with
the gap but it may have placed a more concentrated load on that corner which could have caused
it to break. The spacers were placed so that the load would be spread along the width of the
beam, but it may not have worked as well as intended. This corner also cracked along the
subsidence cracks present before testing and joined with a crack over the support. Figure 53
shows the corner and the spacers underneath the spreader beam.

Figure 53: Corner breaking off and spacers underneath spreader beam

This beam failed similarly to the first two specimens, but with a small difference. The
crack on the left side of the blockouts continued underneath the blockouts and over the top of the
longitudinal bars which was the failure plane. However, one of the blockouts, with the precast
flange below and beside it, also broke off and fell to the ground upon failure at 253 k-in. This
can be seen in Figure 54. The failure surface is shown in Figure 55 also.
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Figure 54: Failure of Specimen 3

Figure 55: Failure surface of Specimen 3

The data acquisition system failed to record data for vertical displacement and gap
opening for this test. Therefore, the strain gage data must be used for all analysis of this
specimen. This plot is seen in Figure 56 below.
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Figure 56: BDI strain gage data for Specimen 3

As seen before, BDI 7 is giving unreliable values because it is in the disturbed region
near the support so it is not included here. The gages on top of the VHPC (BDIs 3 and 5) are
giving similar values so there is roughly symmetrical load distribution along the width of the
beam. As shown in the plot, the beam cracked before the theoretical cracking moment and did
not quite reach the nominal moment.
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Specimen 4
This specimen was considered a control as it had the bars tied in a contact lap splice in a
single block of VHPC. As before, the bars went the entire length of the blockout. The beam was
77 in. long in total and the splice length was 7 in. as in every other specimen. Drawings of the
specimen can be seen in Figure 57.

Figure 57: Drawings of Specimen 4
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Specimen 4 performed very well and as expected. It was also loaded in increments of 5
kips. The first crack appeared at the left end of the blockouts around 150 k-in of applied moment,
just above the theoretical cracking moment. As testing continued, more cracks formed at the
other end of the blockouts and at the supports. The crack at the right end of the blockouts
occurred around 175 k-in. Many of these cracks were started by subsidence cracks. Similar to
Specimens 1 and 3, a corner piece separated along subsidence cracks and flexural cracks but it
also did not seem to have much of an effect. As the load got higher than in previous tests,
additional cracks formed at the supports where the subsidence cracks were. This can be seen in
Figure 58.

Figure 58: Additional cracks at supports from subsidence cracks

The beam specimen continued to take load throughout the entire duration of the test. It
behaved with ductility as the bars took the tension forces with ease. It was apparent that the tied
splice worked well. At an applied moment of 425 k-in the specimen had to be partially unloaded
and then reloaded as one of the ends was found to be supported by the stack of concrete blocks at
the ends. The test was terminated at an applied moment of 500 k-in as it was deemed that no
more useful information was going to be acquired and a steel rupture or concrete crushing failure
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would be dangerous. The specimen was also past the theoretical reinforcement rupture moment
of 416 k-in.
The strain gage data shows most of what happened in the test. The unloading can be seen
by the straight sections of each line on the plot. All of the BDIs in the disturbed regions show
unreliable results as they vary considerably and show unrealistic values. The two BDI strain
gages over the bars (3 and 5) show identical results up until cracking. Once cracks formed, the
loading was unsymmetrical as shown by the difference in strain values. All of this can be seen in
Figure 59.

Figure 59: BDI strain gage values for Specimen 4
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Specimen 5
The first beam in the second round of testing, Specimen 5 had the extended, 20 in. long
blockout. However, the splice bars in the blockout were still only 17 in. long and the splice
lengths were still 7 in. It also had transverse bars below the blockouts. These bars were used to
attempt to prevent the full depth crack through the flange and possibly increase flexural strength.
The beam specimen was 96 in. long. There was a total of 4 in., center-to-center, between the
bars, with 2 in. of precast concrete and 2 in. of VHPC. Drawings of Specimen 5 can be found in
Figure 60.
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Figure 60: Drawings of Specimen 5

This specimen was loaded in increments of 2 to 3 kips by the actuator up until the
cracking load. After that, it was increased in 5 kip increments. Because of the longer length of
the beam, the moment arm extending past the supports was greater, leading to less load being
applied by the actuator to achieve a given moment. The first crack occurred at an applied
moment of about 180 k-in, well above the theoretical cracking moment. Cracks formed at both
ends of the blockouts and at the left support. Later in the test, a crack formed over the other
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support as well. The first major cracks at the ends of the blockouts are seen in Figure 61 below
by the significant decrease in moment and increase in gap opening distance. All LVDTs
measured essentially the same general gap opening distance except for LVDT 1 which showed
slightly less cracking.

Figure 61: Specimen 5 gap opening data

As can be seen, the specimen did not quite achieve the nominal moment. It reached 268
k-in and the nominal capacity was 270 k-in. This 2 kip-in difference is less than 1% of the
nominal value. This is likely due to the variability of concrete and it is always possible that a
small mistake was made in the construction of the beam. Because it is so close to the nominal
moment, it can be considered that this specimen achieved nominal strength.
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The vertical displacements at the ends of the beams were slightly different. This indicates
that the beam was loaded asymmetrically or there was a significant difference in stiffness or
moment arm from one end to the other. However, a significant difference in stiffness is unlikely.
The vertical displacement data is shown in Figure 62. Again, wirepot 2 is affected by the rubber
pad in the supports as it was in other specimens.

Figure 62: Vertical displacement of Specimen 5

The strains measured by the BDI strain gages were lower than previous specimens,
indicating that the stiffness of this beam was higher than previous specimens. As in previous
specimens, the gages in the disturbed regions near the supports gave unreliable data. However,
the strain gages in the middle are very similar to each other, especially before cracking. The
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gages on the VHPC blockouts give very similar data meaning that the loading was symmetrical
across the width of the beam. The behavior of BDI 1 can be explained by the cracking in the
beam. Cracks formed away from the strain gage causing the big jumps in the positive direction
when the concrete at the gage had to carry more load. When a crack formed near the gage, the
stress was relieved some causing the strain value to decrease. The strain data is in Figure 63.

Figure 63: BDI strain gage data for Specimen 5

This specimen’s failure was similar to previous specimens, with the transverse bars
seeming to have little to no effect on the strength. The failure surface can be seen in Figure 64.
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Figure 64: Failure surface

The crack at the right end of the blockouts followed the side of the VHPC down until it
either met the bottom of the blockouts or the top of the longitudinal bars, depending on location.
It then took a horizontal direction until it met the end of the longitudinal bars or the transverse
bar, if in the flange. At the location of the transverse bar, the crack went downwards and failed at
that point in the flange. This shows that the transverse bars create a point of weakness in the
flange. Otherwise, the failure mechanism and surface was similar to previous specimens.

Specimen 6
Specimen 6 had the extended VHPC blockouts and the longer length like Specimen 5.
However, there was no splice bar in the blockouts. It was determined that the strength of the
VHPC in the 4 in. wide blockout was stronger than the No. 4 that was in it. Calculations are
shown below:
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Tensile strength of VHPC blockout:

Ultimate Tensile Strength of No. 4 bar:

where:
AVHPC=cross-sectional area of the VHPC in the blockout
ft=tested tensile strength of the VHPC
As=area of the reinforcing bar
fu =ultimate rupture strength of the reinforcing bar
Therefore, the bar was left out to see if it made any impact. There were no transverse bars
in this specimen. The 4 in. blockout was in the same place as all of the other 4 in. wide
blockouts. There was 2 in. of precast between the bars and the side of the blockouts. Drawings of
the specimen can be found in Figure 65.
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Figure 65: Drawings of Specimen 6

This specimen was tested in the same way that Specimen 5 was. Increments of 2 to 3 kips
were used up until the cracking load and then increments of 5 kips until failure. This load was
measured at the actuator. The first measurable crack formed at the right end of the blockouts at
about 120 k-in, above the theoretical cracking moment. Around 146 k-in a second crack formed
at the left end of the blockouts. The sudden increases in gap size measured by LVDTs 2, 3, and 4
indicate crack openings. These cracks can be seen in the data in Figure 66. LVDT 2 did not
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record any gap opening until right before failure because the crack at that location was actually
about 4 in. from the edge of the blockout until the specimen failed. This can be seen in Figure 68.
As loading continued, cracks formed at both supports. At about 244 k-in of applied
moment, a small corner cracked at the end of the beam. This was unlike previous corners’
cracking where it was caused by subsidence cracking. This was a smaller piece of the corner and
it was caused by that section of the flange being thinner than usual. Due to construction error, it
was 5 5/16 in. thick while the rest of the flange was 6 1/8 in. thick on average. Pictures of the
corner can be seen in Figure 67.

Figure 66: Specimen 6 LVDT data
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Figure 67: Corner cracking on Specimen 6

The failure surface of this specimen was quite different than others. Cracks did form at
the end of the blockouts as usual. However, the crack at the left end of the blockouts was actually
a couple inches away from the ends. At failure (275 k-in), another crack formed where LVDT 2
was located and propagated towards the middle. At the same time, a crack branched off of the
original crack at that end of the blockouts and intersected with the crack from LDVT 2. It
continued diagonally between the blockouts to the location of LVDT 4 where it met the crack at
that end of the blockouts. This can be seen in Figure 68 and the failure surface is seen in Figure
69.

Figure 68: Cracks upon failure (BDI 1 location highlighted)
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Figure 69: Failure surface of Specimen 6

The strain gage data was similar to other specimens. The strain in the blockouts was
similar and the gages in the disturbed regions gave unreliable data. The strain gage in the very
middle of the specimen, BDI 4 gave similar results to the gages on the blockouts as expected.
This means that the bond between the blockouts and the precast was good. The extreme values of
BDI 1 are explained by a crack going directly underneath the gage. This area is highlighted in
Figure 68. The black spots are where the gage was attached at each end and the line going
between them is the location of the crack. As the crack widened, the gage recorded the extreme
values, and eventually the extension became too large for the gage. This caused the gage to
debond from the specimen and the readings to return to zero. The strain gage readings are seen in
Figure 70. As in Specimen 5, there was a difference in the vertical displacements at the ends
meaning that the beam was not loaded quite symmetrically.
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Figure 70: Specimen 6 BDI strain gage readings

The vertical deflection data was typical of other specimens. Wirepot 2 was heavily
influenced by the deformation of the rubber pads as in other specimens. Similar to Specimen 5,
there was a difference between the end deflections indicating a difference in stiffness or moment
arm between the two ends. The data can be seen in Figure 71.
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Figure 71: Vertical displacement data for Specimen 6

Specimen 7
This specimen did not have blockouts at all. It was done as a control to see if the splice
would work without the blockouts. The spacing was 4 in. and the splice bar was the usual 17 in.
long with 7 in. splice lengths at end and a 3 in gap for the splice bars to cross. The beam was the
extended length at 96 in. long. It did not have transverse bars. The drawings for Specimen 7 can
be found in Figure 72.
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Figure 72: Drawings of Specimen 7

This specimen was loaded in the same increments as Specimens 5 and 6. The first crack
occurred at about 165 k-in of applied moment which was well above the theoretical cracking
load. It was just inside the left support. As testing continued, a crack formed directly over the
right support. Before failure there were no other cracks. At failure (230 k-in), a crack formed
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towards the middle. As in other specimens, it went down until it intersected the longitudinal bars
and then followed them all the way down to the neutral axis. The crack formed about 3 in. from
the ends of the splice bars. Because the splice bars were not to the ACI (2011) required length,
they pulled out from the concrete. The failure surface is seen in Figure 73.

Figure 73: Specimen 7 failure surface

The vertical displacement data shows a large difference between the ends of the beam.
This means that the loading was asymmetric. This data can be seen in Figure 74.
The strain gage data from the BDIs was not very good. The gages in the disturbed regions
near the supports did not give reliable data. The gages at midspan on top did not show exact
matching but they were close. The gage in the very center matched almost perfectly with BDI 5,
one of the gages on top of the splice bars. However, BDI 3, the other gage over a splice bar was
not completely similar with the other two. This can all be seen in Figure 75.
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Figure 74: Vertical displacement data for Specimen 7

Figure 75: BDI strain gage data for Specimen 7
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Specimen 8
Specimen 8 was just like Specimen 7 except it had transverse bars. The splice bars were
spaced 4 in. from the longitudinal bars and they were 17 in. long. The beam was 96 in. long.
However, this specimen had the transverse bars to confine the splice region. They were in the
same spot as in Specimen 5, just below where the blockout would be. Drawings of the specimen
can be found in Figure 76.

Figure 76: Drawings of Specimen 8
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This beam was tested in the same way as Specimens 5 through 7. Cracking first occurred
around 150 k-in of applied moment which is well above the theoretical cracking moment. This
crack was over the right support. At 175 k-in, a crack formed over the left support as well. As
load was increased, the beam did not show any obvious, visual signs of distress until failure at
204 k-in. The failure occurred towards the middle of the beam in essentially the same way as the
other beams. A flexural crack formed and propagated downward until it came to the top of the
longitudinal bars. Then it followed the bars to the point where they bent down and the beam
failed. This flexural crack did not form at the end of the splice bars. It crossed the splice bars
about 3 in. from their ends. Since the splice bars were not to the length required by ACI (2011)
the end of the bar simply slipped out. As in Specimen 5, the failure surface is at the transverse
bars showing that the bars create a point of weakness in the cross-section. The failure surface is
shown in Figure 77.

Figure 77: Failure surface of Specimen 8

This specimen had relatively low strains throughout testing. It did not reach nominal
capacity. The strain gages over the splice bars had nearly identical strains all throughout testing
and the strain gage between these had identical strains until the first crack occurred. The gages in
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the disturbed regions had unreliable results as with previous specimens. This can be seen in
Figure 78.

Figure 78: BDI strain gage data for Specimen 8

There was a slight difference in the vertical displacements at the ends of this specimen as
well, showing asymmetry in the loading or stiffness of the beam. The maximum displacement
was between 0.14 and 0.15 in. As with previous specimens, the displacement in the middle of the
beam was affected severely by the downward deformation of the rubber pad at the supports. The
vertical displacements are shown in Figure 79. Because there were no blockouts, there were no
LVDT gap opening readings.
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Figure 79: Vertical displacement data for Specimen 8

Summary
There were several similarities between all of the specimens tested. Every specimen
failed in a brittle manner. It is evident that the blockouts create a point of weakness at their ends
which causes the beam to fail at that point. Every specimen that was constructed following ACI
Building Code (2011) requirements got to the nominal design moment except for Specimen 3.
This is likely because it was constructed with one of the longitudinal bars too high in the crosssection. Since Specimens 7 and 8 did not have the splice bars to the required ACI (2011) length
they also did not achieve their nominal moment. All of the specimens except for Specimen 6
failed in the same way. A flexural crack formed at the end of the blockouts or near the end of the
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splice bars and propagated down to the longitudinal bars. From there, the crack propagated along
the top of the bars all the way down to the neutral axis at failure.
In all of the specimens with blockouts, there seemed to be no signs of distress in the
blockouts. There were no cracks in the VHPC at all and no other signs of excess stress from the
tests. This includes Specimen 4 where the bars were tied inside of the blockout.
All of the specimens had the vertical displacement data at midspan become skewed and
unreliable because of the overwhelming deformation of the rubber pads in the test setup. All of
the specimens had most, if not all, of the strain gage data outside of midspan influenced by the
disturbed regions near the supports.
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Chapter 5: Discussion
This section compares and discusses the results of the various specimens. The effects of
the splice bar spacing, transverse bars, and the extended blockouts, among other topics, are
discussed. A summary of the test results is shown in Table 10.
Table 10: Specimen Summary

Beam

Description

1
2
3

17 in. VHPC blockouts
17 in.VHPC blockouts
17 in. VHPC blockouts
Tied bars in single
VHPC blockout
20 in. VHPC blockouts,
transverse bars
20 in. VHPC blockouts,
no splice bars
No blockout, all precast
No blockout, all
precast, transverse bars

4
5
6
7
8

Theoretical
Mcr

154 k-in

121 k-in

Measured
Mcr
125 k-in
150 k-in
125 k-in

Meas. Mcr :
Theor. Mcr
0.81
0.97
0.81

150 k-in

Theoretical
Mn

Failure
Moment
284 k-in
278 k-in
253 k-in

Meas. Mn :
Theor. Mn
1.03
1.01
0.92

0.97

502 k-in

1.83

180 k-in

1.49

268 k-in

0.99

120 k-in

0.99

275 k-in

1.02

165 k-in

1.36

230 k-in

0.85

150 k-in

1.24

204 k-in

0.76

275 k-in

270 k-in

Splice Bar Spacing
One of the main factors in the strength of a non-contact lap splice is the spacing between
the bars. This is the gap that the forces are transferred across by the compressions struts. A tied
lap splice done to ACI 318 (2011) Chapter 12 guidelines virtually guarantees what could be
considered maximum/full capacity of the splice, assuming that it is done correctly. One of the
variables studied by this research is this spacing. In particular, the effect of two different
concrete strengths in this gap was studied. This can be between either two placements of normalstrength concrete or between normal-strength and high-strength concrete. The default spacing
studied was 4 in. and with equal parts of normal-strength and VHPC. This means that there was
normally 2 in. of precast, normal-strength concrete and 2 in. of VHPC between the bars,
measured from center-to-center. The total distance between the bars was measured from centerto-center as well.
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There were four different variations of the spacing between the bars. Specimen 2 had a 2
in. spacing with 1 in. of precast concrete and 1 in. of VHPC. Specimen 1 had 3 in. of VHPC and
1 in. of precast normal-strength concrete. Specimen 4 had tied longitudinal bars in the blockout
of VHPC. Specimens 3 and 5 had the 4 in. spacing with 2 in. of VHPC and 2 in. of precast
concrete. Specimen 6 did not have a splice bar in the blockout but it was constructed as if it was
a 4 in. spacing. Table 11 below is a summary of the performance of each of those specimens.
Table 11: Splice bar spacing comparison
Specimen
% of nominal
Reached nominal
Spacing
#
moment reached
strength?
2
2 in.
101%
Yes
3
4 in.
92%
No
5
4 in.
99%
No
6
4 in. *
102%
Yes
1
3 in. VHPC and 1 in. precast
103%
Yes
4
tied
183%
Yes
*no splice bar, but blocked out as if 4 in. spacing

Maximum stress
in blockout (psi)
250
462
294
490
347
1939

Because the blockouts never showed any signs of cracking and did not reach the tensile
capacity (just over 2100 psi), calculations are much easier because the concrete stayed linear
elastic. The maximum stress in the blockout is calculated simply using Hooke’s law, the
maximum strain in the blockouts, and the average modulus of elasticity of the VHPC mixes
during testing.
All but two of these specimens achieved the theoretical nominal strength based on
measured material properties. Despite the differing concrete strengths between the two rounds of
testing, similar results were recorded. This may be the case because the changes in concrete
strength between rounds of testing may have essentially canceled each other out. The precast
concrete in the second round was significantly weaker than the first round’s precast but the
VHPC was much stronger. Also, the specimens made it to the same general stress level, except
for the specimen with the tied bars, Specimen 4. Although Specimen 3 did not achieve nominal
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strength, it is safe to say that the 4 in. spacing performs well enough to achieve nominal strength.
This is because the other specimens with a 4 in. spacing, although slightly different, made it to
nominal strength and the results from Specimen 3 were close enough to the nominal values.
Observation of the bars along the failure surface of Specimen 3 clearly shows why it failed much
earlier than expected. One of the bars is much higher than it should be. This caused premature
failure because it allowed the horizontal portion of the failure surface to start sooner than if the
bar was deeper into the section. The higher bar was about 1 in. from the top surface of the beam,
7/8 in. higher than it should have been. This can be seen in Figure 80 below.

Figure 80: Higher longitudinal bar of Specimen 3

Specimen 4 had much higher stress in the blockout because the bars were tied together
and both bars were in the same blockout. This allowed the specimen to transfer forces from the
bars to the VHPC blockout and take a much higher load than the other specimens.
This data also suggests that the splice bar was not necessary in this design. As expected,
the VHPC by itself was stronger than the bar. This means that if the VHPC blockout were to
crack, the bar would immediately fracture since the tensile strength of the blockout (29.5 kips)
was more than the bar itself (20 kips), as shown in the calculations in the previous chapter.
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The blockout acted as a splice bar. It received load via the interface shear between the
two concretes and possibly from compression struts that could have formed between the bars and
the blockouts. No cracks were seen that indicated the formation of well-defined individual
compression struts. Also, given the low amount of stress in the blockouts, it is unlikely that they
formed.
Specimen 1 shows that the placement of the concrete interface between the bars does not
have a significant effect. Although no other variations of the differing interface location were
tested, it seems that the load is still transferred to the blockouts well. The specimen reached
nominal moment and had a blockout stress in the same range as the other specimens.
Overall, a total spacing less than or equal to 4 in. from the center of the splice bar to the
center of the longer longitudinal bars seems to allow the bars to yield and the nominal moment to
be reached when the splice bar is in VHPC and the interface between the two concretes is
roughened to expose aggregate. This needs much more research, but this preliminary testing
shows that it should be acceptable given certain other design requirements are met. These are
explained later in this chapter.

Extended blockouts
The purpose of extending the blockouts was to increase the moment capacity of the
beams. The idea behind extending them was that it would make the interface shear area of the
failure surface longer, increasing the tension component of the moment resisting mechanism in
the beam.
The failure plane of the beams started with cracking at the ends of the blockouts and went
downwards until it reached the bottom. From there it formed a roughly horizontal plane along the
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bottom of the blockouts and on top of the longitudinal bars until it reached the point at which the
longitudinal bars on that end continued downward. It was at this point that the failure plane went
down along the bars until it reached the neutral axis. Using this knowledge, it was concluded that
the moment capacity after initial cracking was being provided by interface shear of the stem with
the concrete above it and the usual compression force at the bottom of the stem. It was possible
to use this simplified model to calculate an interface shear strength and use that to calculate how
much longer the blockouts needed to be to reach nominal moment capacity.
The compression and tension forces were balanced to calculate the moment capacity. The
compression force was calculated as a triangular stress block and the tension force as a uniform
interface shear strength along a roughly horizontal plane that went underneath the blockouts and
along the top of the longitudinal bars. Figure 81 shows the failure plane and Figure 82 shows the
assumed sectional forces. The regions outside of the stem were ignored because they were small,
mostly vertical, and inconsistent in size. It also allowed calculations to be simplified.
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Figure 81: Typical failure plane

Figure 82: Assumed forces at failure
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The moment capacity is calculated using the following equations:












T = tension force
C = compression force
jd = distance between the centroids of the compression and tension forces
NA = distance from bottom of section to the neutral axis
bw = width of the stem = 6 in.
E = modulus of elasticity = 5347 ksi (assuming average design 4 ksi compressive strength)
ε = measured strain
w = width of interface shear area
L = length of interface shear area
τ = interface shear strength

Using the midspan compressive strain values from the first three tests and measured
distances from the test specimens, it was possible to calculate an experimental interface shear
strength and therefore a distance to extend the blockouts.
First, the specimens were examined to find distances to the neutral axis, NA, and the
length and width of the interface shear area, L and w respectively. The neutral axis location was
found by measuring the visible neutral axis locations on Specimens 1 to 4 and averaging them.
The length, width, and neutral axis distances can be seen in Figure 83. They were close to the
same in all three specimens.
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Figure 83: Distances measured from specimens

Using these values and the compressive strains at failure at midspan, the compression
force could be calculated. From there, the interface shear strength could be back-calculated
assuming the tension and compression forces were equal and opposite. These values can be seen
below in Table 12 for each specimen. Sample calculations for Specimen 1 are included below as
well.

Specimen #
1
2
3

Table 12: Interface shear strength calculations
Strain
Compressive force (k)
Shear strength (ksi)
0.000564
22.62
0.462
0.000821
32.92
0.672
0.000651
26.11
0.533

The average of these shear strengths is 0.555 ksi which is in agreement with values from
the literature (Hofbeck et al., 1969; Mattock et al., 1976). The literature review section of this
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thesis has more detailed information on the previous research done on this topic. This value
could be used in the moment equation to calculate the length of the extended blockouts. The
nominal moment for these beams, based on the first 4 specimens, was 275 k-in, which was in
agreement with the measured values.

This distance is only for one side, from the end of the blockout to the point where the
longitudinal bars bend downward. This distance must be doubled and the gap between the
longitudinal bars be added in. Another inch was added as an arbitrary safety factor giving a total
extended blockout length of 20 in.
Specimens 1 through 4 had the original blockout length calculated using the minimum
length for the splice to reach nominal capacity according to Halbe, et al (2014). Specimens 5 and
6 had the extended blockout length (20 in.) as calculated above. As can be seen in
Table 13 the extended blockouts did not have a significant effect. Specimen 4 is excluded
because it only had one blockout and the bars were tied, leading to a different type of failure.
Specimens 7 and 8 did not have blockouts.

Specimen #
1
2
3
5
6

Table 13: Blockout length comparison
Blockout Length
% of nominal
Maximum end
(in.)
moment reached
deflections (in.)
17
103%
0.14
17
101%
0.17
17
92%
N/A
20
99%
0.17
20
102%
0.22
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Maximum gap
opening (in.)
0.04
0.05
N/A
0.04
0.05

A comparison between the model predictions and the actual values gives validity to the
model. The average values in Table 14 show that there is a conservative quality to the models
predictions, which is a good aspect of the model.

Specimen 1
Specimen 2
Specimen 3
Specimen 5
Specimen 6
Average

Table 14: Moment value comparison
Actual Mn (k-in)
Predicted Mn (k-in)
284
197
278
197
253
197
268
239
275
239
272
214

If Specimen 3 is ignored, then the specimens had virtually identical results. Based on this
limited data, the extended blockout does not increase the capacity of the beams at all. This leads
to the theory that a different mechanism than originally thought is happening at failure.
Specimens 1 through 3 had a different concrete strength than Specimens 5 and 6 as they
were in the two different rounds of testing. As discussed in the literature review, increasing
concrete strength leads to increased interface shear strength. This can be seen when comparing
the actual moments to the predicted moments. The first round had a much higher concrete
strength (6.59 ksi) and it displayed, on average, a 38% increased capacity over the model’s
predicted moment. The second round’s weaker concrete (4.06 ksi) had 14% higher moments than
the model’s predictions.

Transverse bars
The addition of the transverse bars was also meant to increase the capacity of the beams.
It was thought that the bars, perpendicular to and underneath the longitudinal and splice bars,
would help confine the splice region and transfer load between the longitudinal and splice bars.
Specimens 5 and 8 had transverse bars. They are compared to similar specimens without
97

transverse bars in Table 15. Specimen 7 is identical to Specimen 8 except for the lack of
transverse bars. Specimen 5 is being compared to Specimens 3 and 1. They all have the same
total spacing between the bars. Specimens 1 and 3 do not have the same length of blockout as
Specimen 5 and Specimen 1 has the non-standard 3 in. of VHPC and 1 in. of precast concrete. It
is being used as a comparison because of the poor performance of Specimen 3.
Specimen #
1
3
5
7
8

Table 15: Comparison of transverse bar data
Transverse bars?
% of nominal moment
No
103%
No
92%
Yes
99%
No
85%
Yes
75%

The data shows that the transverse bars either have a detrimental or no effect on the
moment capacity of the beam. Specimen 8 showed a considerable decrease in strength from
Specimen 7. Specimen 5 did not show a large decrease in strength. It almost reached the nominal
capacity and it is possible the transverse bar caused the slightly early failure. When compared to
Specimen 3, the beam had more capacity but this is likely caused by the uncharacteristically low
strength of Specimen 3, not the strength of Specimen 5. The failure surfaces of Specimens 5 and
8 give clues as to what could be causing the lowered moment capacity. These surfaces are shown
in Figure 84.
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Figure 84: Specimens 5 and 8 (left to right) failure surfaces with exposed transverse bars

As seen above, the failure tends to happen at the location of the transverse bars. It seems
to introduce a point of weakness in the section which causes specimen failure when the failure
crack comes near the bar. This could be because the bar extends almost all of the way across the
width of the beam, essentially creating a split in the section at that location. It is possible that
with more cover at the ends of the transverse bars, forces would transfer around the bar better.
As discussed in the previous section, there was a difference in the concrete strengths
between the two rounds of testing. In this comparison, Specimens 1, 3, and 5 had the stronger
concrete (6.59 ksi) while Specimens 7 and 8 were in the weaker concrete (4.09 ksi). While it is
possible that this had an effect, it is unlikely that the transverse bars were affected significantly.
Table 15 shows better results for specimens in the first round of testing but the short
development length for the transverse bars most likely prevented any significant change in the
strength or effectiveness of the transverse bars.
The lack of improvement in moment capacity could also be explained by the short
development length allowed for the transverse bars. The bar only extended a couple of inches
past the edge of the blockouts so the No. 4 bar could not gain much bond strength before any
load would be applied to the bar. There also was not much cracking in the longitudinal direction,
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showing not much load was going in the direction of the width of the beam. So it is possible that
not much load was actually carried by the transverse bars. It can be concluded that the transverse
bars actually lowered the capacity of the beams and at least were unnecessary.

Ductility
Ductility is a very important characteristic of a beam as it shows how much a beam will
deform before failure. It is especially important in instances of earthquake loading. Ductility is
what keeps a structure from collapsing, even after the members are otherwise yielded. The beams
used in this experiment did not have a ductile failure at all since the failure surface avoided all of
the reinforcing bars. Any ductility measured was insignificant. Specimen 4 did have a very
ductile failure because the bars were yielding across the cracks that formed in the tension face of
the concrete.

Strain and Curvature Comparisons
To determine of the response in the splice area was as expected, the measured strains and
corresponding curvatures of the beam specimens were compared to calculated values. All of the
calculations were done at 100 k-in of applied moment. This point was chosen to minimize the
effect of any unseen or microscopic cracking before the point at which the calculations were
done. The strains measured by BDI 6 on the bottom of the section and the average values of
BDIs 3 and 5 at the top of the section are compared to calculated strains based on the
transformed moment of inertia and the average modulus of elasticity during testing. Curvature
and neutral axis location were also determined based on measured strains and with transformed
section analysis. Neutral axis locations are calculated from the bottom of the cross-section.
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Sample calculations can be found in Appendix C. The comparison can be seen in Table 16 and
Table 17.

Specimen
1
2
3
4
5
6
7
8
Average

Predicted
Top Strain
(µε)
42.4
44.4
43.6
43.6
50.7
50.7
58.9
58.9
49.1

Specimen
1
2
3
4
5
6
7
8
Average

Table 16: Strain and Neutral Axis Location Comparison
Measured
Predicted
Measured
Predicted
Top Strain
Bottom Strain
Bottom Strain
Neutral Axis
(µε)
(µε)
(µε)
(in)
7.5
76.1
125
8.35
20.9
77.2
114
8.26
24.0
76.8
136
8.29
19.2
76.8
113
8.29
13.7
97.0
32.1
8.53
25.4
97.0
51.8
8.53
34.9
102
64.3
8.23
29.8
102
63.2
8.23
21.9
88.0
87.3
8.34

Table 17: Moment and Curvature Comparisons
Predicted Curvature Measured Curvature
Predicted Moment
(x10-5)
(x10-5)
(k-in)
0.91
1.02
100
0.94
1.04
100
0.93
1.23
100
0.93
1.02
100
1.14
0.35
100
1.14
0.59
100
1.23
0.76
100
1.23
0.72
100
1.06
0.84
100

Measured
Neutral Axis
(in)
12.3
11.0
11.1
11.1
9.12
8.67
8.43
8.84
10.1

Measured Moment
(k-in)
112
111
133
110
31.1
51.6
61.8
68.0
83.5

The results from the first round of testing show much higher bottom strains and
curvatures than predicted. Also, the neutral axis locations were measured higher in the cross
section than predicted. In opposite fashion, the top strains were lower than predicted. The reverse
was true for the second round of testing. The top and bottom strains and curvatures were lower
than they were expected to be. The measured neutral axis locations were similar to calculated.
The average measured moment calculated was 83.5 k-in which is fairly close to the
predicted moment of 100 k-in. The first round of testing showed higher moments than predicted,
but the second round of testing showed lower moments. In all cases, the neutral axis was
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calculated to be higher than predicted and the top strains were lower than the predictions. This
makes sense since the average bottom strains were very close to the predicted values.
The difference between the predicted and measured values above may be explained by a
difference in material properties from the beam specimens to the concrete material tests. It is
well-known that the material properties of concrete tend to vary from test to test and even at
different times in the same placement. Given the slight difference in average moments and
average bottom strains, the material properties did not differ significantly on an overall scale, but
during the two rounds of testing, there was a much larger difference in the tested and apparent
material properties. This is shown by the large differences in values within each round of testing.

Design recommendations
It is of the utmost importance that a structure using non-contact lap splices with
dissimilar concretes be designed to have a ductile failure. This means that the specimen must be
designed for the steel reinforcing bars to yield before there is a full depth or cracking failure in
concrete. Based on this research, this also means that the non-contact lap splice area must be
stronger than the surrounding concrete to force a different area of the structure to fail before the
non-contact lap splice. This leads to several recommendations for the design of a structure with
non-contact lap splices:


To prevent a brittle failure at the middle of the splice region in a splice like the one
studied, the splice bar must be fully developed before it reaches the end of the
longitudinal bar. If the longitudinal bar turns down or away from the splice bar, this is the
point at which the splice bar must be fully developed.
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The longitudinal bars must be fully developed at the end of the blockouts. This is to
prevent a brittle failure if the failure plane goes straight down from the surface of the
concrete, crossing the longitudinal bars.



The blockouts must be long enough to create an interface shear area with enough capacity
to provide adequate resistance to the compression forces present in the beam during
flexure. This is to prevent premature failure in the case of a failure as seen in these tests.
These tests show that this shear area will allow the beam specimens to reach nominal
moment.



The interface between the two concretes must be prepared so that the aggregate is
exposed as it is in this research. This insures that the two concretes will have a higher
bond and interact better.



The ACI 318 Building Code requirements already in place for spacing, cover, and splice
lengths should be followed except where research shows a shorter splice length in VHPC
and UHPC.

Summary
The objective of this research was to determine whether a non-contact lap splice across a
cold joint with dissimilar concretes would work in similar fashion to a traditional non-contact lap
splice. Several methods to increase the capacity of the splice were tested and several of the
dimensions of the splice were varied to compare between specimens.
Along with the design recommendations listed above, there are several things that can be
taken from the discussion of these results. According to the results of these tests, transverse bars
below the blockout and extending the length of the blockout do not increase the moment capacity
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of the splice. Within ACI spacing limits, non-contact lap splices with the bars in dissimilar
concretes seem to work, reaching nominal moment with proper construction.

104

Chapter 6: Conclusions
The observations and experimental results of this research have led to these conclusions:


Non-contact lap splices in dissimilar concretes can reach the nominal capacity of a beam
assuming that ACI 318 Building Code Chapters 7 and 12 (2011) and experimental
guidelines already in place are followed.



A conservative model was developed that reasonably predicts the flexural capacity of a
beam with a non-contact lap splice in which the bars are in dissimilar concretes.



The splice bar blockouts must be long enough to create an interface shear area with
enough capacity to provide adequate resistance to the compression forces present in the
beam during flexure. This is to prevent premature failure in the case of a failure as seen in
these tests. These tests show that this shear area will allow the beam specimens to reach
nominal moment.



Transverse bars directly underneath the splice do not increase the capacity of the splice.



Based on this limited number of tests, extending the blockout length does not increase
strength of the splice.



The reinforcing bars in non-contact lap splices in dissimilar concretes can be spaced as
far apart as 4 in., center to center of the bars.



If the strength of the blockout as a whole is stronger than the bar in it, then the bar is
unnecessary.
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Chapter 7: Recommendations
In addition to the design recommendations listed in the discussion chapter above, there are
several areas for continued research. Based on the results of this research, there should be much
more study into the behavior of non-contact lap splices. The following is a list of the
recommended research topics:



Interface shear between normal strength concrete and high performance concrete



Non-contact lap splices between dissimilar concretes within a slab



Well confined non-contact lap splices with dissimilar concretes



The effect of using this test and specimen setup, but change the blockouts from long
rectangles (in plan/top view) to ovals or football shapes to reduce stress concentrations



Compression non-contact lap splices in dissimilar concretes
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Appendix A: Concrete Material Data
Each entry is a measurement from an individual cylinder.

Table 18: Pour #1 material property measurements
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Table 19: Pour #2 material property measurements
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Appendix B: All Strain Gage Results
There are several notes about the plots:












On each graph there are two horizontal lines in addition to the data itself. The lower,
dashed line is the theoretical cracking moment and the solid line above it is the
theoretical nominal moment. These are based off of tested material properties.
The axes in the LVDT and wirepot graphs are all standardized so that quick relative
comparisons can be made between them. They also share the same y-axis scale with the
BDI strain gage plots. The one exception to this is the plots for Specimen 4. Since it went
to much higher values, the ranges are not standardized.
The BDI strain gage plots have the y-axis moved to the left side of the plot instead of the
typical placement at zero on the x-axis. This was done to make the values on the y-axis
and the data itself clearer.
The dashed lines on the BDI strain gage plots are for the BDI gages that were on top of
the beam, so they tend to have tension strains. The solid lines are for the gages on bottom.
Because of the short span (in relation to the height) of the specimens, there could be a
disturbed region near the supports as is commonly seen in deep beams. BDIs 1, 2, 7, and
8 were affected by this. They were placed 13.25 in. from the support and the specimens
were 13 in. tall.
The first four specimens do not have a BDI 4 because it would not work under any
circumstances.
The full instrumentation plan can be found in Figure 33.
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Specimen 1

Figure 85: Specimen 1 BDI strain gage data

Specimen 2

Figure 86: Specimen 2 BDI strain gage data
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Specimen 3

Figure 87: Specimen 3 BDI strain gage data

Specimen 4

Figure 88: Specimen 4 BDI strain gage data
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Specimen 5

Figure 89: Specimen 5 BDI strain gage data

Specimen 6

Figure 90: Specimen 6 BDI strain gage data
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Specimen 7

Figure 91: Specimen 7 BDI strain gage data

Specimen 8

Figure 92: Specimen 8 BDI strain gage data
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Appendix C: Predicted Moment and Strain Sample Calculations
This sample calculation is for Specimen 1 at midspan. The central equation to all of these
calculations is:
=
Where:
M=moment
ϕ=measured curvature
E=modulus of elasticity
Itrans=transformed moment of inertia
These calculations were done by “transforming” the reinforcing bars and VHPC into the regular,
precast concrete. The tested moduli of elasticity and corresponding transforming factor are:

Esteel=30,000 ksi
EVHPC=5814 ksi
Eprecast=5065 ksi

ns=30,000/5065=5.92
nVHPC=5814/5065=1.15

This gives the following areas of steel and VHPC:
= 2 ∗ 0.2
∗ 5.92 = 2.37
= 2 ∗ ∗ ℎ = 2 ∗ (1.15 ∗ 7.5) ∗ 3.75 = 64.69
For the calculation of the centroid and the transformed moment of inertia, the cross section was
divided into 5 parts, as seen below:
1.
2.
3.
4.
5.

reinforcing bars
VHPC blockouts (combined into one)
precast section between the blockouts
precast section of the flange below the blockouts
the web
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The centroid is calculated by summing the individual areas (transformed if necessary) times their
centroid locations and dividing it by the total transformed area. In this case, the centroids are
measured from the bottom of the section.

∑( )
∑
(2.37 ∗ 11.125) + (17.25 ∗ 3.75) ∗ 11.125 + (6 ∗ 3.75) ∗ 11.125 + (21 ∗ 2.25) ∗ 8.125 + (7 ∗ 7) ∗ 3.5
=
2.37 + (17.25 ∗ 3.75) + (6 ∗ 3.75) + (21 ∗ 2.25) + (7 ∗ 7)
=

=8.35”

The moment of inertia is calculated using traditional methods. The moment of inertia for
rectangular parts of the section are calculated using

∗

and the parallel axis theorem.

The parallel axis theorem is the area of the part times the distance between the section centroid
and the centroid of the individual part. The contribution from each part is summed for the total
moment of inertia. The calculations for the reinforcing bar moment of inertia only include the
parallel axis theorem as the moment of inertia of the bars themselves is negligible. Calculations
for each part of the section are shown below.
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= 2.37 ∗ (11.125 − 8.35) = 18.25
=

17.25 ∗ 3.75
+ (17.25 ∗ 3.75) ∗ (11.125 − 8.35) = 573.94
12
=

6 ∗ 3.75
+ (6 ∗ 3.75) ∗ (11.125 − 8.35) = 199.63
12

=

21 ∗ 2.25
+ (21 ∗ 2.25) ∗ (8.35 − 8.125) = 22.33
12
=

7∗7
+ (7 ∗ 7) ∗ (8.35 − 3.5) = 1352.69
12

Itotal=18.25+573.94+199.63+22.33+1352.69=2166.83 in4

To calculate the actual moment the proper strain reading, the modulus of elasticity of the precast
concrete, the distance from the centroid to the strain reading, and the transformed moment of
inertia are put into the first equation given in this appendix.

= (1.01 ∗ 10 ) ∗ 5065 ∗ 2166.83 = 111.85 −

.

To calculate the predicted strain at 100 k-in, this moment and the previous sectional and material
properties are put into the same equation, giving the strain at 100 k-in.
100

−

.=

8.35

∗ 5065 ∗ 2166.83

Solving for strain, you get ε=0.000076
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