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ABSTRACT

The research presented in this thesis endeavors to improve upon the Simplified
(Extended) Method for the calculation of shoring/reshoring schedules, while maintaining
its ease of use and practicality. The method developed assumes the pararﬁeters discussed
below, most of which are contrary to those of the Simplified (Extende’d) Method.

o The loads applied to the underlying shores are not necessarily uniformly

distributed.

o Shores are not infinitely stiff.

e The relative stiffness of different age slabs has a contributory effect on the
distribution of loads between shores, reshores and slabs.

e The foundation (at the first level of shores) may not be completely rigid and
the load distribution in the shores and slabs above may be affected by the
foundation stiffness.

During construction of reinforced concrete flat slab buildings, a freshly cast slab
relies on the slabs below it for support. The Simplified Method assumes that this weight
is more or less equally shared by all supporting slabs. A methodology was developed to
determine more realistic load ratios supported by the slabs in the shoring and reshoring
system. A basic description of this methodology is presented below

e The stiffness characteristics of flat slabs for unit point loads applied at desired
shoring and reshoring patterns were determined and stored in an array format
in Microsoft Excel 2007.

e After the stiffnesses at each shore/reshore locations were determined,

equations were developed which describe the relationship between slab
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deflections (function of slab stiffness), shore loads and forces in reshores
(unknown).

e Parameters such as reshore stiffnesses, age adjusted slab stiffnesses,
foundation stiffness, determination of load ratios applied to shores from
freshly cast slab (i.e. tributary area vs. detailed analysis) and concrete creep
and shrinkage were examined.

The work in this thesis shows that neglecting reshore stiffness in calculating

shoring/reshoring schedules is an erroneous assumption. Conclusions regarding the

importance of taking into account reshore stiffnesses are provided below.

e Neglecting the elastic stiffness of reshores greatly overestimated the average
load supported by reshores for all cases studied.

o Neglecting the elastic stiffness of reshores generally overestimates the load
supported by individual reshores. |

e Using infinite reshore stiffness provided a reasonable approximation of the
maximum reshore loads.

e Neglecting reshore stiffness significantly underestimated the total load
supported by the top slab in the reshored system. 4
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CHAPTER 1

AN INTRODUCTION TO SHORING AND
RESHORING OF FLAT SLAB BUILDINGS

1.1 INTRODUCTION

Safety during construction of reinforced concrete buildings is often a greater
concern tha;a safety during the service life of the finished structure. Great care goes into
the design and quality control during construction of reinforced concrete buildings. This
care has sometimes been lacking in the design and construction of the temporary
structures (falsework) that support the fresh concrete until it attains sufficient strength.
These temporary structures are important since flat plates/slabs (slabs with the absence of
beams), which are architecturally and economically desirable, are susceptible to punching
shear. -

During construction, freshly cast reinforced concrete slabs are usually temporarily
supported either from the ground (in the case of the first floor) or from the floors
immediately below (in the case of floors above the first one). Support of the freshly cast
floors is necessary until the floors have gained sufficient strength to support their own
self weight and any superimposed construction loads. The weight of the freshly cast floor
may cause an overload of the floors supporting it below. Possible modes of failure
include punching shear (the governing structural failure mode of flat slabs is the shear
resistance at the slab column interface, Feld 1966) or excessive deflections (long- term
serviceability). Therefore, an ongoing concern for both engineers and contractors is

determining the most efficient, yet safe, shoring and reshoring schedules.
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To develop the optimum shoring and reshoring schedules (based on safety and
cost efficiency), it is of prime importance to understand the distribution of loads during
construction between the floors. Thus the importance of developing a realistic yet
practical model for the determination of shoring/reshoring loads. |

Figure 1.1 and 1.2 show a flat slab building under construction with scaffold type

shoring / reshoring, flying forms (trusses) and single post reshores.

Figure 1.1: Flat slab building under construction with 3 levels of
scaffold shoring and 1 level of reshores (bottom level)
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Figure 1.2: Flat slab building under construction with 1 level of scaffold
shoring combined with flying forms

1.2 TERMINOLOGY

The following terminology, will be used throughout this thesis. The terms
presented may differ from country to country and synonyms for each (where applicable)
are provided in brackets.

e Casting Cycle: The period of time between the casting of one level and

casting the level immediately above it.

e Construction Load: All loads applied to a supporting slab during

construction of a subsequent slab other than that supporting slab’s self weight
(including the weight of formwork, shoring, reshoring, wet concrete and
construction live load).

e Falsework: The assembled structure that supports the formwork (usually

comprised of beams/trusses, stringers and shores).

e Formwork: Formwork is the surface against which concrete is cast.
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e Preshore: These are shores that are installed prior to the removal of
formwork/shoring in order to reduce the supported span of the slab when the
falsework is removed. Reshores are then installed between the preshores.
This reduces the load supported by the freshly cast slab when compared to a
reshored slab (greater load supported by the reshores).

¢ Reshore (Reprop): Vertical supports that transfer the loads imposed by the
shores (freshly cast slab) on the top slab to the supporting slabs below. These
are installed after the shoring has been removed and the slab is permitted to
deflect and support its own weight. Reshores can be individual timber, steel
or alurrﬁnum posts. Reshores should be installed “finger tight” so that the
least amount of load due to tightening is applied to the reshores and the
supporting slabs.

e Shore (Prop): The vertical supports that transfer the loads imposed on the
;falsework by the freshly cast slab to the supporting slab below. Shores can be
individual timber, steel and aluminum posts or even easily movable systems
such as flying table forms.

¢ Stripping (Striking): Removal of the formwork, thus requiring the removal
of falsework supporting the formwork. .

¢ Realistic Shore/Reshore and Slab Stiffness: Stiffness based on actual
reshores and slabs. Realistic reshore stiffnesses are based on the Aluma
Heavy Duty Post Shore. Realistic slab stiffnesses are based on slab age.

e Load Ratio: Proportion of the applied shore load supported by reshores or
slabs

1.3 CONSTRUCTION SAFETY

It is usually in the contractor’s and developer’s best interest to strip formwork as
early as possible to accelerate construction. Since formwork is a significant cost in
concrete construction, the faster formwork can be reused, the fewer the number of forms

are required. In addition, removal of shoring provides access to other trades so that other
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stages of construction can proceed as early as possible (Beresford 1964). However,
construction safety should never be compromised in the interest of financial benefits.

To ensure safety during construction, engineers usually impose an established
criteria based on the developed compressive strength of concrete for determining the
stripping time for formwork. Some researchers have reported an appropriate specified
minimum strength of concrete for stripping formwork as 75% of the design strength
(Fattal 1983). This requires the testing of concrete strength at early ages to ensure this
criterion is attained. |

Shoring/reshoring related failures account for the majority of failures in concrete
construction (Lew 1976). In general, the primary causes of formwork disasters are
excessive loads, premature removal of shores or inadequate lateral support for shoring
members (Mossallam and Chen 1989). It has also been reported that construction failures
of reinforced concrete structures are often not caused by a single cause, but often by
multiple errors such as punching shear resulting in progressive collapse due to poor
concrete strength or premature removal of shoring (Epaarachichi 2002).

Two failure modes are usually considered when shoring and reshoring are
considered. One mode is the failure of a shore/reshore system leading to collapse of
slabs. The second mode is collapse (punching shear) or excessive deflection of the
supporting slabs due to the loads transmitted by shores/reshores. Construction loads can
exceed the design load of slabs or the load capacity of the slabs based on strength at that
time (Blakey and Beresford 1965).

The primary causes of shore/reshore failures are described as follows (Ambrose et
al 1993):

e Excessive loads

e Premature removal of forms or shores

e Inadequate lateral support of shores

The fact that the majority of concrete building failures occur during construction,
and that most of these are attributed to shoring/reshoring (regardless of all the research on

the subject) indicates the need for further research and the development of standardized

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



methodology for shoring and reshoring schedules. This is of prime importance to ensure
safety during construction.

Figure 1.3 shows a failure during the construction of a flat slab building at
Bailey’s Crossroads in Fairfax, Virginia, March 1973. The total building height was
planned to be 26 storeys. The concrete was being placed on the 24™ floor while shoring
was prematurely removed from the 22™, causing a progressive collapse down to the
ground level. The failure killed 14 construction workers and injured 35. The supporting

slab concrete had not attained sufficient strength to carry the imposed construction loads.

Figure 1.3: Construction failure, Bailey’s Crossroads, Fairfax, Virginia, March
1973. Photo courtesy of the National Institute of Standards and Technology
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1.4 BASIC CONCEPT OF RESHORING

The speed (and thus cost effectiveness) of construction of reinforced concrete
buildings is governed by the rate of casting subsequent floors (usually expressed in days
or weeks per floor). This rate can vary, usually between four to seven days, with two
days in some extreme schedules.

.Shoring is not removed until the concrete has attained sufficient strength to
support its own self weight. In multi story construction, slabs are required to support not
only their own self weight, but also part of the self weight of subsequent slabs as well as
construction live loads through shoring, so that the construction can continue (Gardner
1990). Therefore, temporary support of slabs during construction is required to prevent
collapse or undue deflection. '

Basically, reshoring consists of distributing loads from the slabs under
constructiop by strategically placing shores to transfer construction loads among the
supporting slabs below. In reshored construction, a slab supports its self weight plus any
construction live load while supporting a fraction, depending on the number of reshored
slabs, of the construction load from the slabs above.

Reshoring the slébs, under those supporting shoring, is required to distribute the
construction loads to more than one slab.. Even with reshoring, a given slab- may be
required to support a construction load of a greater magnitude than its design service load.
In addition, the speed of construction dictates that subsequent slabs be cast prior to the
previous slabs having attained their 28 day design strength, thus further exacerbating the
effect of construction loads.

The requirement for reshoring is solely a function of construction speed.
Construction practice dictates that the stripping of forms will occur prior to slabs reaching
their 28 day design strength, thus requiring reshoring to continue with the construction.
The following factors usually govern the speed of construction:

e Speed of formwork removal from the last cast story and erection for the next

floor

¢  Number of sets of formwork (shores)

e Number of sets of re-shores
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e  Slab strength/stiffness at time of formwork/shore removal

Another variant of reshoring is preshoring. Preshores are shores installed prior to
the removal of falsework to limit slab deflection which increases the load in the preshores
and the lower slab and reducing the load supported by the upper slab. Along the same
idea, reshores could be installed with some precompression to reduce load on the upper
slabs which also increases the load in the reshores and on lower slabs. These methods
require great care and supervision at the construction site. It should be noted that it is
very difficult to install any reshoring without a certain amount of precompression. So
called “finger tightening” is not precise and may vary from worker to worker, which will
have an effect on the initial load in reshores.

The design of shoring and reshoring for flat slab structures is similar to any other
form of structural design. Loads must be predicted as accurately as possible and member
resistances are determined at the age the members are required to resist the loads. The
challenge lies in determining not only design loads, but also distribution of the loads

through the shoring/reshoring/slab system.

1.5 SHORING/RESHORING DESIGN

The loads requiring temporary support from shoring and reshoring can be
categorized as follows:

e Self weight of formwork and shoring

o Self weight of slabs

¢ Self weight of reshoring

o Self weight of stored construction materials

e Construction live loads

e Impact loading due to construction live load and concrete placement

e Lateral loads (extreme winds, hurricanes and earthquakes)

Dead loads can generally be calculated within a comfortable level of accuracy.
However, live loads present a greater challenge due to their unpredictability. For this
reason, most design codes specify a conservative construction live load and live load

factor, which are intended to cover any foreseeable live loads during construction.
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In addition to the above types of loads, the design of falsework/shoring should
alwajrs take into account all possible load cases including special load cases such as
unsymmetrical placement of concrete, uplift, concentrated loads of reinforcement and
storage of construction materials. It has been reported that the storage of construction
materials has frequently been the cause of formwork failure, where presumably the design
had not taken these loads into account (Lew 1976).

There has been debate as to whether or not load factors should be applied to
construction loads and, if sd, should their magnitude be the same as those for the design
of the building. Some researchers have postulated that since construction loads are
generally short in nature and that consequences of failure are not as severe as they would |
be for a building in service, their magnitude should be less than for building design
(Stivaros 1992). Others believe that since construction workers spend their entire lives on
construction sites, their risk of injury should not be greater than those of the occupants of
the finished buildings (Gardner 1990).

Since most concrete building failures occur during construction and given the
difficulty in predicting the magnitude of construction live loads and the complexity of
construction load distribution in the shoring/reshoring system, some form of load factors
should be applied. Most design codes (except ASCE 37) do not discuss the use of load
factors for construction loads. Therefore, the factors specified for design service loads
are usually applied to construction loads. Further research is required to study this topic.

There is some variation in the magnitude of construction live loads specified by
various codes. The scope of exact application for the construction loads specified in the
codes is not always specified (i.e. applied to slab under construction only or to all upper
and lower slabs (Gardner 1989)). The three main building code references in Canada for
construction load specifications as well as their specified loads are summarized below.

Table 1.1 provides a comparison of the minimum design load requirements of all three

codes.
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ACI 347R-03, Guide to Formwork for Concrete

All dead loads, including, but not limited to, the weight of concrete,
reinforcement, formwork/falsework.

All live loads, including, but not limited to, workers, equipment, material
storage, runways and impact.

Formwork shall be designed for a live load of not less than 2.4 kPa

When motorized carts are used, the minimum design live load shall not be less
than 3.6 kPa.

The design load for the combined dead and live load should not be less than
4.8kPa or 6.0 kPa if motorized carts are used.

The formwork should be designed for any special conditions likely to occur
during construction, such as the unsymmetrical placement of concrete, impact
pf machine delivered concrete, uplift, concentrated loads of reinforcement,
form handling loads and storage of construction materials and any other
special loading case.

Post tensioning loads (loads transferred to the temporary structures by post
tensioning).

No load factors are specified specifically for construction loads.

CSA 5269.1-1975 (R2003), Falsework for Construction Purposes

The weight of concrete being supported, or 2.4 kPa on the horizontal projected
area of the formwork, whichever is the greater.

The weight of workmen, equipment and tools that will be supported during the
concrete placing and finishing operations. In no case shall these loads be
assumed to be less than 1.9 kPa of horizontal projected area of formwork.
When motorized placing equipment is used, this minimum load shall be
increased to 3.1 kPa.

The actual weight of formwork supported by the falsework shall not be
assumed to be less than 0.5 kPa.

10
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Loading due to any special conditions of construction likely to occur such as
unsymmetrical placement of concrete, impact, uplift, concentrated loads and
the additional pressure due to placing concrete pneumatically or by pump in
confined locations.

Loading due to stored construction materials, products of demolition or other

similar loadings during construction, alterations or repair of buildings or other

structures.

ASCE 37, Design Loads on Structures during Construction

The weight of concrete being supported as well as all other dead loads.
Combined material, personnel, equipment and other applicable construction
loads.

Depending on the type of construction site, the specified uniform load varies
‘between 1 kPa to 3.6 kPa (from light duty to heavy duty construction sites).
Concentrated loads of 1.1kN for each person, 2.2kN for each wheel of
manually powered vehicles and 8.9kN for each wheel of powered equipment.
Impact loads are included in the specified concentrated loads.

Construction load factors are specified for various dead and live load cases.

Load Type Minimum Specified Load (kPa)
ACI 347R-03 CSA 8269.1-1975 ASCE 37
(R2003)
Formwork Self Weight - 0.5 -
Live Load 24 1.9 1 to 3.6 (light duty to
heavy duty)
Live Load with Motorized 3.6 31 -
Cart
Combined Dead and Live 4.8 - -
Load
Combined Dead and Live 6.0 - -
Load with Motorized Cart
Concentrated Loads - - 1.1 kN (per person)
2.2 kN per wheel of
manual vehicles
8.9kN per wheel of
powered equipment

Table 1.1: Comparison of minimum design load requirements for falsework for ACI
347R-03, CSA S269.1-1975 (R2003) and ASCE 37

11
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The design of formwork and falsework is usually the responsibility of the
contractor. Given the importance of safety, and that falsework has historically been the
greatest cause of failure in concrete construction, input by engineers and the need for
better methods of shoring load evaluation is reinforced.

Some researchers have disputed the need for the complex design of
shoring/reshoring systems. It has been reported that experiments by the BCA (British
Cement Association) to investigate reshoring forces by monitoring them on site found
that the results were so variable that they were not interpretable. This was partly due to
construction operations on previously cast floors supporting reshores where, when
particular reshores were in the way, they were removed temporarily and replaced.
Therefore, it was concluded that it may not be worthwhile to expend effort to develop and
apply sophisticated methods of calculating shore and reshore forces if reshores are to be
removed in this way (Beeby 2000).

The design of reshoring requires an understanding of structural analysis to
properly evaluate the load distribution in the shoring/reshoring system. The variables in
the system are more complex than those usually assumed for building design since the
younger age of the structures as well as the high load ratios introduce additional
parameters to consider. However, as discussed above, sophisticated design would be
fruitless unless the design method used could be simplified (while yielding the best and
most realistic results possible) and appropriate quality control can be implemented on
site. This would again reinforce the need for engineering design and field review of

shoring/reshoring implementation.

1.6 SERVICEABILITY ISSUES

Although the structural capacity of the shoring/reshoring/slab system is usually
the primary concern, other serviceability and materials issues should not be ignored.
These issues include the effects of creep and shrinkage deflections on the load
distribution in reshoring systems as well as the long term serviceability of reinforced

concrete slabs.

12
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It is well established that the strength of concrete at early ages is influenced by
curing environment (Blakey and Beresford 1965). This must be taken into account when
determining available slab capacity to support shoring and reshoring loads.

Some researchers have reported that with very early loading, creep deformations
may influence the distribution of loads in reshoring systems. Nielson (1952), suggested
that creep could be neglected since younger slabs (lower modulus of elasticity) support
lower loads while the older slabs (higher modulus of elasticity) support higher loads
(Blakey and Beresford 1965). Other researchers have concluded that the effect of creep
should not be neglected in predicting reshoring loads (Aguinaga-Zapata and Bazant
1986).

Construction loads are usually applied to immature slabs, thus immediate elastic
deflections are large. Upon removal of the construction loads, the elastic deflection
recovery is less than the original elastic deflection since the modulus of elasticity
increases with time. Creep deflections associated with the construction loads can be
multiples of the immediate deflection. In addition, shrinkage deflections can occur.

Some research has concluded that creep effects due to early age loads are
significant and cannot be ignored. It has also been concluded that construction schedule
greatly affects the long term serviceability of slabs and that measured versus predicted
slab deflections often do not correlate due to variations in material properties and the
difficulty in assuming appropriate bbundary condition (Gardner and Scanlon 1990).

The thickness of reinforced concrete floor systems is usually governed by the need
to limit long term deflections under service loads. It has also been reported that slab -
deflection is more related to concrete strength than content of reinforcement (Vollum
2002). However, the deflection characteristics of reinforced concrete slabs varies during
construction due the change in modulus of elasticity with time. Taylor (1967) reported
that slab deflections were comprised of 3 components as follows:

e Initial or “elastic” deflection under slab dead load, construction loading and

design live load.

e Warping of the slab caused by differential shrinkage

13
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e Long term or “creep” deflection resulting mainly from slab dead load and
permanent live load but also including the effects of construction loads and
temporary live loads.

Due to the lower strength and modulus of elasticity of concrete at early ages, the
negative consequences of removing formwork/shoring too early are excessive early age
deflections (cracking) and an increase in long term creep deflections (Beresford 1964). In
addition, cracking of slabs may very well first occur at the time of formwork and shore
removal since the minimum cracking resistance may very well occur at that time (Hover
1988).

Although strength and deflection calculations of slabs are often performed based
on uncracked sections, a factor for shrinkage restraint cracking may have to be applied.
After concrete is cracked, the stiffness is more dependent on reinforcement and less on
modulus of elasticity, while for uncracked sections the modulus of elasticity governs
(Blakey and Beresford 1965).

Compared with concrete compressive strength, the increase of modulus of
elasticity with time shows a much more rapid early rise and starts leveling off at
approximately 3 days. The change in modulus of elasticity after 3 days is much more
gradual and less significant than during the first 3 days (Blakey and Beresford 1965).

Some field research has indicated a reduction in the measured load carried by
shores between the time of casting a new slab and the time shores were removed. The
measured reduction was approximately 25%. The author attributed this to the concrete
carrying more and more of the load as it cures. When the concrete is fully cured, the
shoring only carries a fraction of the load and the rest is supported by the concrete
structure (Ambrose et al 1993).

It has been established that early age construction loads can have a detrimental
effect on the long term serviceability of flat slab structures. Therefore, it is important to
understand the concrete properties when determining shoring/reshoring schedules and
prior to allowing the removal of formwork. To determine material properties, in addition

to compressive tests, split cylinder tests or tensile beam flexural tests should be
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performed to determine concrete cracking strength (early age cracking). The

determination of early age modulus of elasticity is also important (measure of deflection).

1.7 PREVIOUS RESEARCH

The bulk of the available work on this subject spans a period starting in 1952 to
the present time. The first important paper on the shoring topic was produced by Neilson
(1952), who performed analytical work on the calculation of construction load
distribution in shores. However, his method proved to be complex and not practical for
use by engineers and contractors.

The paper by Grundy and Kabaila in 1963 is considered the landmark paper on the
calculation of construction loads in shoring systems. Their work was logically similar to
that of Neilson’s but with simplifying assumptions making their method easy and
practical for use by engineers and contractors. Their method has since been known as the
S‘impliﬁed Method. Grundy and Kabaila presented examples of two and three levels of
shores and showed that the load carried by the lowest supporting slab increased with the
number of shored floors. Given its importance in the field of shoring and the fact that
most analytical work since 1963 has been based on it, the Simplified Method will be
discussed in more detail in the following section below.

Since the work by Grundy and Kabaila, several researchers have further advanced
the topic. Agarwal and Gardner (1974) extended the Simplified Method to accommodate
reshoring. The refinement by Agarwal and Gardner is referred to as the Extended
Method in this thesis. Stivaros and Halvorsen (1990, 1991 and 1992) refined the
Extended Method using the Equivalent Frame Analysis and refined assumptions to
develop an application using microcomputers. Arafat (1996) extended the work by
Stivaros and Halvorsen. He studied the significance of taking into account the
development of concrete strength by applying the maturity method.

The Simplified Method was also refined by Liu, Chen and Bowman who
developed a two dimensional computer model. Gardner developed a computer program
(applying the Extended Method) for use by engineers and contractors to determine the

most effective shoring/reshoring schemes, formwork stripping times and maximum forces
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in shores and reshores due to construction loading for a given shoring/reshoring scheme.
The most recent work, by Beeby, involved the use of finite element modeling and a more
realistic modeling approach using shore stiffness. |

Some research has concluded that the variation in load ratio with stiffness for
timber shores is greater than with steel shores, with the stiffness of adjustable steel shores
being sufficiently high to justify the assumption of infinite stiffness in the calculation
shoring/reshoring load ratios (Beresford 1964). Major papers on the topic are discussed

in detail in Chapter 2.

1.8 THE SIMPLIFIED METHOD

Since their landmark paper in 1963, most researchers and code authorities have
recognized Grundy and Kabaila’s Simplified Method, as extended by Agarwal and
Gardner (1974), as the most practical method for the calculation of load ratios due to
shoring during the construction of reinforced concrete buildings.

Because of its importance, the Simplified (Extended) Method is discussed in
detail. The Simplified (Extended) Method uses simplifying assumptions to reduce the
complexity of exact calculations of shoring/reshoring load ratios. ‘

The simplifications made in the application of the Simplified (Extended) Method
include, but are not limited to, the following:

e Shoring loads are applied as uniformly distributed loads to the supporting slab

immediately below

e The axial stiffness of shores is considered to be infinitely rigid, thus all slabs

interconnected by shores and reshores are assumed to deflect equally when a
new load is added (the shores/reshores can be considered as continuous
supports, with K being infinite)

¢ Foundations supporting shores at the first level are infinitely rigid

e All slabs are assumed to possess equal flexural stiffness without considering

the concrete age (it has been reported that the effect of slab stiffness affects the

results by approximately 5 to 10% of the maximum slab load). An increase of
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slab stiffness with age can be incorporated, but this requires knowledge of the
casting and stripping schedule..

e After removal of the shores, the forms are removed so that floor deflections
occur before the installation of any reshore

e (Calculated load ratio results can be increased by roughly 10% fo include the
self weight of forms and props

¢ Due to the weight of workers, equipment, materials, dumping and impacts
produced by casting, complementary live loads must be added to the
maximum construction load values of the floors and props

e The effect of shrinkage and creep of the concrete can be neglected

e Torsional moments and shearing forces in the formwork are neglected and
hence the reaction produced by a support is assumed to be directly

~ proportional to its compressive load

The Simplified (Extended) Method calculates the multiples of dead load (load
ratios) supported by slabs and shores/reshores for each stage of shoring/reshoring and
casting of slabs. Load ratios are calculated for each level as they occur so that the ’
calculations take into account the entire construction history of a building. This method
is best illustrated by example.

The following example (Figure 1.4) illustrates the application of the Simplified
(Extended) Method for the calculation of shore, reshore and slab dead load ratios for flat
slab construction using two sets of shores and two sets of reshores. Figure 1.4 below was
taken from Gardner 1979.

Shore, reshore and slab dead load ratios are calculated step by step starting from
the ground floor. Eaéh level includes two steps. Step “a” is the erection of shoring while
Step “b” is the casting of the next slab. The following discusses several of the steps
illustrated below to demonstrate the Simplified (Extended) Method:

o Step la: Shoring is erected for the first level

e Step 1b: The first level slab is cast. The weight of the first level slab is

supported by the shoring. The slab does not support any load.
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e Step 2a: Shoring is erected for the second level

e Step 2b: The second level slab is cast. The weight of the second level slab is
supported by the second level shoring and then transferred directly to the first
level shoring. The first and second level slabs do not support any load.

e Step 3a: Shoring from the first level is removed and erected at the third level,
thus allowing the first and second level slabs to deflect. The first level is then
reshored. The first and second level slabs support their own self weight with
no loads supported by the shoring/reshoring.

e Step 3b: The third level slab is cast and is supported by the shores and
reshores below while the first and second level slabs support their respective
self weight.

e Step 4a: Shoring from the second level is removed and erected at the fourth
level, thus allowing the second and third level slabs to deflect and equally
ghare the weight of the third level slab. The second level is then reshored.
Step 4b: The fourth level slab is cast. The weight of this slab is transferred to
the foundation by the shores/reshores below, thus the loads in the slabs below
does not change.

e Step 5a: The shoring is removed from the third level and erected on the fifth
level. This allows the third and fourth level slabs to deflect and each support
half of the load in the shoring removed. The third level is then reshored.

e Step 5b: The fifth level slab is cast. The weight of the fifth level slab is shared

equally among the four slabs below.
The steps are repeated for the number of levels being cast. It can be seen from
Figure 1.4 below that the maximum load ratio (multiple of dead load) for two sets of

shores and two levels of reshores is 1.75 for the last slab supported from the ground (slab

two cycles old).

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LEGEND

PlTolalolol<lelelo =]

é

-o-oggg

T
-o—og i

[ B>
RRREIARH -0

0
10 1
— 0 18 83
9 1 azp X
" 0 50 .83 142 167
8 1 42 (X4 [} .50
™ 0 59 84 142 .67 i X
7 1 41 1.16 0 .50, o .
— (¢] 56 81 144 166 I 1. t 1.28
] 44| X Ji.19 0 50 0 29
~— 62 87 1.4 8 b L25 1 128 = B S
5 a8 113 [ K ] 25
— 1.38 183 i .28, 1 125 — 1 M
4 0 50 ]
— 1 1.28] | L = ~1
3 olll}aslilf | | -
2 )
] joe— ey — e —— o
|
L - ] b el
0

7¢ 7b ®8a 8b Sa 9b 10 ob e I

Figure 1.4: Construction dead load ratios for 2 sets of shores and reshores
(Gardner 1979)

Previous researchers have compared the results of the Simplified (Extended)
Method with measurements taken on flat slab concrete buildings under construction
(Agarwal 1974). Tt was reported that the experimental results were generally in good
agreement with the predicted values. However, Stivaros (1990) concluded that the
agreement between the experimental and predicted values in the research by Agarwal was
due to the measurements being taken near the center of the slabs, thus ignoring the
influence of structural continuity. In addition, the measurements did not start from the

ground level, thus the full loading-unloading construction cycle was not recorded.

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Stivaros also concluded that the agreement between the measurements and predicted
values were due to the use of steel shores, which justified the first assumption of the

Simplified (Extended) Method.

1.9 DISAGREEMENTS WITH THE SIMPLIFIED (EXTENDED)
METHOD
Assumptions made by the Simplified (Extended) Method have been shown by

several authors to overestimate the loads supported by shores/reshores and consequently
underestimate the supporting slab loads. This phenomenon is due in part to the
following:

e Shores and reshores are not infinitely stiff. Load distributions are affected by
the compressibility of shores and the magnitude of this effect is dependent the
modulus of elasticity of the shores/reshores.

e The foundation supporting the base shores/reshores may not be infinitely stiff.
This depends on soil types and whether or not support is provided by
structural elements such as concrete slabs on grade.

e The loads applied by shoring may not be uniformly distributed -

e Not all slabs have equal flexural stiffness

o The effects of shrinkage and creep could have an effect on calculated load
rati;)s '

e All reshores do not support an equal amount of load. A reshore member
placed closer to a column will not support the same load as one near the center
of a panel \

Alone, any of the above factors may only have a small effect on the calculated

load ratios using the Simplified (Extended) Method. However, in combination, these

factors may have a significant effect.
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1.10 RESEARCH OBJECTIVES

Most of the research to date on the subject of shoring and reshoring has been
based on the Simplified (Extended) Method. Some of the more recent research has taken
into account some of the variables neglected by the Simplified (Extended) Method.
However, none of this research has performed a real life eva.luation incorporating all of
the factors which may affect the construction load distribution through shoring/reshoring
and supporting slabs. Some research has endeavored to improve on the Simplified
(Extended) Method. However, some of this research has been based on simplifying
analysis using two dimensional simplified models (Liu et al. 1988, Stivaros and
Halvorsen 1991). Beeby’s (2000) research used finite element analysis to develop a
simplified calculation of load ratios using a spreadsheet program. However, the scope of
application and flexibility of Beeby’s simplified calculation is not clear and, based on the
examples he provides, equilibrium does not seem to be satistied. Beeby’s method also
uses simplifications for the calculation of slab deflections used in the calculation of load
ratios.

The research presented in this thesis endeavors to improve upon the Simplified

. (Extended) Method, while maintaining its ease of use and practicality, by taking into
account most of the factors affecting the load distribution in shores/reshoreé and slabs
during construction. The following will be developed:

e A simple and practical method for the calculation of shoring/reshoring load
ratios for both engineers and contractors. The method will be based on real
life parameters best representing thé actual behaviour of the structure during
construction. Deflection ratios will be determined by the use of advanced
finite element analysis.

e A computer program capable of transforming simple input parameters into
simple and practical output for the determination of the optimum shoring,
reshoring and stripping schedules.

The method developed in this thesis assumes the following parameters. Most of

these are contrary to those of the Simplified (Extended) Method. To our knowledge, no
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research to date has developed such a comprehensive and realistic method for the
calculation of load ratios due to construction loads in flat slab buildings.

o The loads applied to the underlying shores are not necessarily uniformly
distributed. Modern construction procedures often utilize flying table forms
or proprietary scaffold systems with wider leg spacing. This research assumes
that the loads on each formwork support is based on the tributary area of the
support. This may not always be true since the distribution of loads in flying
table forms may depend on the design stiffness of main flexural members.
This analysis would be left to the design engineer since the load distribution to
shoring legs depends on the exact type of shoring system.

e Shores are not infinitely stiff. It is true that the axial stiffness of shores may
be larger than the flexural stiffness of slabs. However, the fact that the shores
undergo axial deflection cannot be discounted. The axial deflection of
‘reshores and the associated increase in load supported by the slab will be
compounded the greater the number of floors shored/reshored.

o The relative stiffness of different age slabs has a contributory effect on the
distribution of loads between shores, reshores and slabs.

e The foundation (at the first level of shores) may not be completély rigid and
the load distribution in the shores and slabs above may be affected by the
foundation stiffness.

What is of importance is to develop a method for the evaluation of shoring,
reshoring and slab loads during construction which will be as practical to use as the
Simplified (Extended) Method for the design of shoring/reshoring schedules. However,
to be feasible, this method must be simple to use. The computer program developed will
facilitate use by engineers and contractors and yield an increased reliability of results,
which would provide more cost effective and safe shoring/reshoring schedules. The
ultimate goal is to standardize the analysis of shoring/reshoring schedules using realistic
parameters and slab stiffnesses determined from three dimensional finite element analysis
and to have this work adopted by building codes. To our knowledge, no similar

standardized analysis currently exists.

22

Reproduced with permission of the copyright oWnéE WFurther reproduction prohibited without permission.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Numerous publications detailing previous research on the topic of
shoring/reshoring of flat slab concrete buildings were reviewed as part of the research
presented in this thesis. This chapter summarizes the most pertinent of the publications
reviewed. The intent is to provide the reader with previous research results while
highlighting similarities and differences with the research presented in this thesis.

The papers discussed in this chapter are categorized in two sections. The first
section, Analysis of Shoring/Reshoring Loads, presents previous work dealing with the
calculation of shoring/reshoring/slab loads during construction. The second section,
Other Aspects of Shoring/Reshoring, discusses work dealing with various other topics
pertaining to the shoring and reshoring. The papers within each section are presented in
chronological order. Because of its significance, the landmark paper by Grundy and

Kabaila was discussed in Chapter 1.

2.2 ANALYSIS OF SHORING/RESHORING LOADS

After Grundy and Kabaila, several authors studied and developed methodologies
for the calculation of construction loads in multi-story flat slab construction. The
following section highlights such works which are deemed to be significant to the topic of

shoring/reshoring and present an advancement in the field.
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2.2.1 Agarwal 1972, Agarwal and Gardner 1974

Agarwal and Gardner conducted field measurements to determine the actual load
ratios applied to slabs, shores and reshores during construction at two construction sites.
The measured load ratios were compared with theoretical values calculated using the
Extended Method (developed by Agarwal and Gardner based on the Simplified Method
to account for reshoring). The goal of the research was to develop a methodology to
determine a shoring and reshoring schedules for use in practice for different rates of
construction, types of cement and ambient temperatures.

As part of this research, the importance of applicability of shore stiffness was
examined. From the measured values observed for steel shores at both sites studied
during construction, it was concluded that the assumption of completely rigid shores
made by the Simplified and Extended Methods was justified.

Arrg.ngements of various levels of shores and reshores were examined. It was
determined that maximum load ratios increase with an increase in the number of shores
and reduce with an increase in the number of levels of reshores.

The following assumptions were made in the calculation of load ratios using the
Extended Method for comparison with the measured values: |
a) The weight and structural design of all slabs were substantially equal
b) The weight of the freshly placed concrete and formwork was 110% that of the slab

self weight
¢) The placing and curing temperature of the concrete in the early stages was 70 to 85
degrees Fahrenheit

It was reported that the experimental shore load measurements were in good
agreement with those calculated using the Extended Method. It was also reported that the
experimental values are likely varied by a margin of approximately 10% due to:

a) The variation in atmospheric temperature between the dummy gauges and the active
gauges used for the experimental measurements on shores
b) Variation in cross sectional area of different shores

c) Large length of electrical connection wires used for the measuring apparatus
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d) Plugging in and unplugging of the connecting wires to the measuring apparatus
several times

e) Differential effects of the wind on the strain gauges

f) Bond between the steel shores and strain gauges

In addition to the good agreement between the calculated and experimental

values, the following conclusions regarding the evaluation of shoring/reshoring load

ratios were also presented:

a) Construction loads on slabs can clearly exceed the design load by a considerable
margin and thus should not be ignored during the design of slabs

b) The analytical prediction of construction loads yielded an acceptable accuracy and the
methodology is simple and easy to use.

¢) Increasing the number of levels of shores does not reduce the maximum construction
load of a slab. InStead, the maximum construction load increases with the number of
levels of shores. The age of the slab at which the maximum load occurs also
increases, but the increase in concrete strength does not necessarily offset the increase
in load. Therefore, it is suggested that no more than two or three (preferably one)
levels of shores be used.

d) Itis suggested that the slab carrying the absolute maximum load be kept on props

continuous to the ground for a longer period of time.

2.2.2 Gardner 1979

This paper is a summary of relevant information and presents a methodology for
the control of construction loads in multistory concrete flat slab buildings taking into
account member strength gain with time and temperature. The analysis of load ratios
presented is based on the Extended Method. A solved example for the determination of
shoring/reshoring and slab forces for an eleven storey building using two levels of shores
and two levels of reshores (the example presented in Chapter 1) was presented.

The methodology for the calculation of construction loads developed assumes the

following for the loads applied to each slab:
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a) Construction load factor (dead and live): 1.4
b) Factor.for error in theory (due to the use of a constant modulus of elasticity): 1.1
c) Factor for the weight of shores/reshores/formwork: 1.1

The dead load ratios calculated from the Extended Method and the dead load of
the slabs (tributary area per shore) are multiplied by the above factors, giving the dead
load per slab shore. The factored construction live load per shore (also based on tributary
area) is added to the dead load ratio, which results in the construction load ratio on each
shore/reshore (Uneeded).

After the loads have been calculated, the focus turns to the available resistance of
the slabs. The method developed makes the following assumptions regarding the
capacity of the slabs:

a) Design Dead Load Factor: 1.4 (per CSA and ACI)

b) Design Live Load Factor: 1.7 (per CSA and ACI)

c) Develobment of tensile/bond strengths: (f;)°* (Note: Gardner has since reported that
the development of tensile/bond strength is a function of (£¢)'?)

To determine the available slab strength (Uavaitabie), the design ultimate load
capacity ratio for the slab (U=D(1.4+(1.7)L./D)) is multiplied by the reduction factor for
the available developed concrete strength ((£¢/fc 28)*%). ‘

Thus Upeeded is compared with Usgyaiiable and a determination is made as to whether
or not the proposed construction schedule is adequate. If it is not, changes can be made
such as an increase in cycle time or increase in concrete strength (early strength cement).

Based on the methodology developed, the use of a single level of shores and
multiple levels of reshores as required for all multi storey flat slab construction (this

combination yielded the lowest load ratios) was recommended.

2.2.3 Lasisi and Ng 1979
Lasisi and Ng developed a modified form of the Simplified (Extended) Method of

analysis for the calculation of construction loads. Forces in shores and reshores during

construction were measured and compared to the results of the analytical method. The
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addition of a construction live load component to the analysis was also proposed since the

Simplified (Extended) Method does not currently incorporate live load.

It was reported that a minimum load on reshores is required to engage them and
ensure they don’t fall when concrete is cast in adjacent bays (due to upward deflection).
A minimum load of 4 kN is recommended to ensure the stability of reshores.

For the experimental measurements performed on reshores, the following
assumptions were made:

a) Each reshore carries a fraction of the construction load from above in proportion to
the area of the floor slab that it supports '

b) The modulus of elasticity of the concrete slabs connected by shores and reshores is
constant. Therefore, the construction load from a new slab is distributed equally
among the supporting slabs.

c) All shores have equal initial tightening forces

The results of the theoretical analysis (Simplified (Extended) Method taking into
account construction live load) were compared with the measured values from an actual
construction site. The maximum measured values corresponded well with the maximum
predicted values. However, the average measured loads were found to be considerably
less than the calculated values. It was also concluded that the recommended construction

live load value specified by the ACI was justified

2.2.4 Liu, Chen and Bowman 1985

This work attempted to quantify the errors incurred when using the Simplified
(Extended) Method to predict shore and slab loads during construction. Modification
factors to account for the errors were suggested in an effort to develop a refined analysis
method. |

The Simplified (Extended) Method assumes shore stiffness to be infinite such that
all slabs interconnected by shores deflect equally when a new load is added. All slabs are
assumed to possess equal flexural stiffness and it is assumed that the difference between
this assumption and reality is only 5 to 10%. In addition, the foundation at the ground

level is assumed to be infinitely rigid, which may be true if a ground floor slab is in place
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to support the shoring. However, if shores are supported on mud sills, this assumption

may be totally erroneous.

Previous measurements of construction loads performed by other authors were
discussed. Three factors regarding these previous measurements were highlighted as
follows:

a) Field measurements were not taken from ground level, so the actual slab and shore
loads of the entire slab system during construction could not be determined.

b) The shores and reshores typically chosen for instrumentation were located in the

| central portion of slabs. Therefore, the influence of the boundary conditions (beams,
columns) were less pronounced.

c) The values of shore stiffness and shore height were not reported in the work by one of
the authors. Therefore, the measured values cannot be used for comparison with other
work or analytical methods.

To account for the deficiencies in the assumptions of the Simplified (Extended)
Method, a method using elementary matrix computer modeling was developed. A two
dimensional model was developed employing the following assumptions:

a) Reinforced concrete slabs are assumed to be linearly elastic and their stiffness time
dependent

b) The shores and reshores act as continuous uniform elastic supports with axial
stiffnesses that are finite and time independent (The author states this assumption but
the reshores shown in the sketches presented in the paper indicate discrete shores with
pinned ends).

c) The slab edges are either fixed or simply supported

d) Joints between the shore and the slab are assumed to be pin-ended

e) The foundation is assumed to be rigid and unyielding

From the comparison of the Simplified (Extended) Method, the refined method
and field measurements, it was concluded that:

a) The Simplified (Extended) Method is easy to use and apply and therefore is attractive.

b) Comparison between the maximum loads calculated with the simplified and refined

methods indicated a maximum relative difference in the two methods varies between
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—5 and +9 percent. Because the effect of shore stiffness is not considered, the errors
in the Simplified (Extended) Method are greater than those in the results predicted by
the refined method.

c¢) The Simplified (Extended) Method reliably predicted the construction step and
location where the maximum slab and shore loads occur but generally underestimated
the actual load ratios. Consequently, the maximum slab and shore loads predicted by
the Simplified (Extended) Method can be corrected using a modification factor.

Modification factors of 1.05 to 1.10 were suggested.

2.2.5 Liu and Chen 1986

Liu and Chen developed a three dimensional computer model capable of
predicting the maximum construction loads in wooden shores in reinforced multi storey
buildings. This model was used to examine the influence of random construction
variables on construction loads. |

The model developed (single bay model with two slab levels) assumed the
following:

a) Reinforced concrete slabs are linearly elastic and their stiffness is time dependent

b) Reinforced concrete columns are assumed to be rigid and all four slab edges are free
to rotate

¢) The weight and structural details of each floor are similar

d) Wooden shores and reshores are linearly elastic supports

¢) Joints between the shore and the slab are pin-ended

f) The foundation is rigid and unyielding

The out-of-straightness of shores and the loading eccentricity of the shores using a
statistical distribution was taken into account. The variations of other parameters were

also examined using statistical evaluation.
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It was concluded that the influence of key random construction variables on the
maximum wooden shore loads were aé follows (in order of importance):
a) modulus of elasticity for wooden shores
b) live load, load eccentricity
¢) out-of-straightness of shores and dead load.
It was also concluded that the maximum shore loads occur on the two symmetrical

axes of the slab.

2.2.6 Liu, Chen and Bowman 1986

Since it had previously been shown that the results of the Simplified (Extended)
Method generally underestimates actual construction loads, a refined analysis method for
the determination of shore slab interaction was developed. The basic assumptions of the
refined method are as follows:

a) Slabs behave elastically and their stiffness is time dependent

b) The shores and reshores act as continuous uniform elastic supports with axial
stiffnesses that are finite and time independent

¢) The foundation is rigid and unyielding

d) The joints between the shores and slabs are pinned

A structural analysis program of an idealized single bay model with shores and
fixed/pinned ends at the ends of the slab/beam element (two dimensional model) were
used for the analysis to account for different rotational restraints at the ends of the slab.
Since the stiffness of columns is much greater than that of the shores/reshores, the
deflections at the columns was neglected. Flexural effects in the direction perpendicular
to the slab/beam element in the model were also neglected, thus tréating the analysis
problem as a two dimensional one. This simplification is thought to be valid if the weight
and structural detail of each floor are similar and the shores/reshores are evenly
distributed on each floor.

It was concluded that the differences in slab moments and shore loads predicted
by the refined and simplified (extended) methods are largely related to the variations in

assumptions for shore and slab stiffness.
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It was suggested that the error of the shore loads predicted by the Simplified
(Extended) Method depends on the ground level shoring. Until the ground level of
shores/reshores is removed, the Simplified (Extended) Method overestimates the shore
loads. As the concrete slabs harden, the errors increase. After the ground level of shores
is removed, the Simplified (Extended) Method underestimates the shore/reshore loads
and the loads on the hardened slabs and overestimates the loads on the most recently cast
slab.

Although the results of the refined analysis diverged from those of the Simplified
(Extended) Method (mostly due to slab and shore stiffness), the Simplified (Extended)
Method can still be used if the results for shore and slab loads are adjusted by a
modification coefficient. It was also noted that, as the shore stiffness increases, the

results of the refined analysis converge with those of the Simplified (Extended) Method.

2.2.7 Aguinaga-Zapata and Bazant 1987

Aguinaga-Zapata and Bazant developed a computerized method for analyzing the
forces in shores and reshores during construction of concrete slab buildings. Of special
interest were the long term deflections that account for creep of concrete, differences in
age of concrete and the precise construction sequence.

The computer program developed assumed an infinitely rigid foundation. It was
also assumed that the reshoring operation takes place in the middle of the casting cycle
and a 0.2 day interval is allowed for the slab to reach its natural deflected shape after
removal of shoring. The overall effect of creep is transfer of part of the load from the
series of shored floors to the series of reshored floors.

It was reported that the differences between calculations based on the model
developed and measurements taken by other authors may be due to the neglect of other
influencing factors in their assumptions such as shrinkage warping (due to unsymmetrical
drying and cracking) which would tend to increase loads on older slabs and decrease
loads on younger slabs. In some cases, shrinkage warping was deemed responsible for

the vanishing of forces in shores shortly after casting.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The following conclusions regarding the effects of creep on the load distribution
in slabs and shoring/reshoring due to construction loads were presented:

a) Taking creep into account is theoretically more justified than the existing methods
which neglect creep.

b) Creep does not appear to be significant in shores when no reshoring is present. The
effect of creep is more significant but still not very large when reshoring is performed.

c) The practical usefulness of the method developed in this paper taking into
consideration the effects of creep makes possible calculating long term deflections as
affected by early age loading history.

It was suggested that the solution developed in their work should not be construed
as complete. To achieve a fully realistic model, it would be necessary to take into
account shrinkage warping, the effects of simultaneous drying on creep, microcracking,
the nonlinearity of creep. In addition, it would be necessary to formulate the solution in
probabilistfc terms to obtain standard deviations of the internal forces and deflections. It
was also concluded that the internal forces determined by the model developed are not
much different from the Simplified (Extended) Method (elastic solution) as well as the

available experimental (measured) data.

2.2.8 Gardner and Muscati 1989

Gardner and Muscati developed a computer program to analyze the safety of
construction schedules for multi story flat slab buildings. The program is versatile as an
erection schedule can be input to determine its adequacy or the number of forms and
reshores can be input to determine the stripping and casting schedule or the stripping and
casting schedule can be input to determine the acceptable form and reshore schedule.

The program applies the Extended Method for determining load ratios on slabs
and takes into account the maturity of individual slabs. The calculations are sensitive to
the relationship between concrete shear strength and cylinder strength. It is recommended
that designers apply conservative estimates of strength unless they are confident of the

available shear strength of the concrete.

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The program developed enables engineers to easily and accurately evaluate form
and reshore schedules without the need for tedious manual calculations and is user

defined for various code specified load factors and shear strength expressions.

2.2.9 Stivaros and Halvorsen 1990, 1991 and 1992

Stivaros and Halvorsen developed a computer based method for the analysis of
construction loads using a two dimensional model based on the equivalent frame method.
The equivalent frame method was applied using a computer to analyze a single and multi-
bay models. Only the interior span of the multi-bay model was analyzed.

The multi-bay model always predicted higher maximum slab loads than the single
bay model (with differences up to 14%). However, it was also shown that as the number
of shored levels increase, the difference in results between both models was as small as
5%. Taking into account shoring stiffness, the multi-bay model predicted higher values
than the single bay model, with the differences diminishing as the shore stiffness
increases. The results of the equivalent frame method and the Simplified (Extended)
Method converged as shore stiffness increased.

It was reported that a single bay model cannot adequately predict the shear load
effects in interior columns due to both shear and unbalanced moments. Shear is critical
as catastrophic collapses during construction are often the result of inadequate shear
capacity, a function of the concrete strength developed.

When using two shored and one reshored levels, the simplified (extended) and the
equivalent frame methods converge (approximately 5% difference) and as the number of
reshored levels was increased, the difference between the two methods increases. This
suggests that the previously proposed correction coefficients for the Simplified t
(Extended) Method of 5 to 10% may not be adequate for all shoring systems (i.e. Liu,
Chen and Bowman 1985).

Concrete age yielded differences in calculated construction loads of up to 7%
(between 3 and 7 day cycles). It was also shown that stiffer slabs (such as those with
beams or drop panels) shared higher proportions of load than flat slabs. Thus it was
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concluded that a change in slab stiffness affects load distribution (if shore stiffness is
infinite, slab stiffness variation has a minimal effect).

The effect of shore stiffness can have a significant effect in construction load
distribution. The stiffness of the shoring system is the most important factor in the
mechanism of construction load distribution between the shoring system and the
interconnected slabs. It was also concluded that the effect of shore stiffness can vary
according to shore type, construction schedules and the individual structure itself.
Therefore, it is not possible to establish standard patterns of load distribution valid for
cases where compressible shores are used. Each individual construction case requires
separate rigorous analysis to determine the construction load distribution.

The Simplified (Extended) Method’s assumption that construction loads are
applied as a UDL is not necessarily valid (i.e. very close spacing of shores). It was shown
that the shore and reshore placement configuration as well as the exact number of
shores/reshores can have a significant effect on the construction load distribution. The
fewer the number of shores on a panel/slab, the smaller is the proportion of the
construction loads shared by the slabs.

It was reported that an increase in the number of shored levels results in an
increase in construction loads applied to older slabs. It was also shown that, unlike the
Simplified (Extended) Method, where the construction live load is equally shared among
interconnected slabs, the assumption of compressible shores and reshores tends to shift
the slab loads to the uppermost floors.

Calculations as to the safety of the construction operations at the Harbour Cay
Condominium structure using the Simplified (Extended) Method and the EFM single bay
method was performed. These calculations concluded that the construction schedule was
safe for punching shear of the slabs. A multi-bay analysis of the same structure showed
that applied stresses exceeded available capacity at slab to column connections,

suggesting that the single bay models were unconservative for this case.
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2.2.10 El-Shahhat and Chen 1992

El-Shahhat and Chen developed a method for the analysis of reinforced concrete
high-rise buildings during construction. The method is an improvement to the refined
method (previous elaboration of the Simplified (Extended) Method developed by others)
for the calculation of shore and slab loads during concrete placement. A comparison of
both methods is presented below.

The refined method models the structure under construction as a structural
computer model. Using matrix methods, the structure is analyzed to determine forces and
displacements. Basic assumptions in the refined analysis are as follows:

a) The slabs behave elastically and their stiffness are time dependent

b) The shores and reshores behave as uniform and continuous elastic supports and their
axial stiffness are time independent

d) The foupdation is rigid

e) The joints between the shores and slabs are pinned together

f) The slab edges are either fixed or simply supported

The refined analysis did not consider the history of the structure, as it did not take
into account the effect of cumulative deformations with successive stages of construction.

The improved method utilizes the deflection approach by updating tfle deflection
to the current stage of construction and establishes a system of equations for the unknown
shore loads based on the deformed configuration of the structure. It was reported that the
improved analysis provides a closer representation of the behaviour of the structure. The
basic assumption of the improved analysis are:

a) The slabs behave elastically and their stiffness is time dependent

b) Shores and reshores are treated as continuous uniform elastic supports with finite and
time independent axial stiffness

¢) The foundation is rigid

d) The slab edges are either fixed or simply supported

e) Joints between shores and slabs are pinned together and only compression forces are

resisted by shores and reshores
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f) The principle of superposition was applied to determine the accumulated
displacements due to successive loading steps and removing shores and reshores

The procedure developed for the calculation of construction load ratios for the
improved analysis is divided in two. First, the refined method is used to analyze the
structure under construction as a slab-beam element (two dimensional analysis). This is
applied for the loading cases during the placement of concrete for slabs. Thus, the shore
and slab loads and the displacements for the different points in the structure can be
determined.

Secondly, removal of shores and reshores is examined following the displacement
approach. This is achieved by considering the shore/reshore loads as unknown values and
calculating the displacement as a function of the shore loads. By the application of
compatibility of displacements, the unknown shore loads can be obtained.

It was concluded that the differences in the slab moments between the refined and
improved methods were —8 and +20 percent respectively and maximum difference in the

values of shore loads of —19 and +3 percent respectively.

2.2.11 Beeby 2000

Beeby’s report describes the research performed at an experimental flat slab
structure at Cardington, England. Beeby’s work was part of the larger European Concrete
Building Project which investigated various aspects of concrete building construction
including shoring and reshoring, slab thickness, reinforcement arrangement and
deflections. The investigation by Beeby focused on the early stripping of formwork and
reshoring. The assessment of feasible formwork stripping time and loading applied to
young slabs was established in a previous work by Beeby (2000).

The report concluded that the effectiveness of reshores in relieving loads on slabs
during construction is significantly less than has been traditionally assumed. In addition,
this study seemed to indicate little benefit in reshoring more than one floor.

The procedure employed for the installation of the reshores was consistent
throughout the experiment, whereby they were placed into position but not tightened so

that they were only loaded when additional loads are applied to the system. In practice,
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reshores are often reported to be installed finger tight. Some experiments were performed
on this topic, which indicated loads of up to 15 kN in the reshores by finger tightening.

The design loading for the experiment was determined using of the Simplified
(Extended) Method. The instrumentation on the reshores was concentrated on two panels
per floor on the 7 storey flat slab concrete building; an edge panel and an interior panel,
which Beeby stated were not complicated by awkward boundary conditions.

The most immediately noticeable difference between the measured and calculated
forces is that the measured forces are always lower than the predicted values. Therefore,

- alarger than predicted proportion of the load was supported by the uppermost reshored
slab with less load being transferred to the slabs below. Thus, assuming the full design
construction loads were actually applied, the slab supporting the shores would be
significantly overloaded. This overloading was not observed during the experiment,
which is attributed to the actual construction live loads likely being significantly lower
than the assumed construction design load.

It was concluded that the differences between calculated and predicted values
were due to the following factors:
a) The backprops cannot be considered to be infinitely rigid.
b) The assumption that shores and reshores apply uniformly distributed loads to

underlying slabs is not valid

It was also reported that the forces in the reshores varied with time even though no
major operations such as casting concrete and removal of formWork were occurring. This
was attributed in part to variations in construction loading but more significantly to the
variation in ambient temperatures (i.e. an increase in temperature creates an expansion of
shores thus increasing the load in the shore). The forces induced in the reshores due to
temperature increases were found to vary depending on placement of reshore (i.e. interior
of panel, free edge).

The results discussed to date have dealt with average backprop loads for each
panel. However, the forces in all reshores are not necessarily the same as the forces

depend on the position of the reshores. It was also stated that an increase in the number
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of reshores has the same effect as increasing the stiffness of reshores by the same

proportion (i.e. doubling the number of reshores has the same effect as doubling the

stiffness of the reshores).

Beeby stated that all previous analytical work assumed that reshores were placed
directly below shores. This was not the case at Cardington and the Beeby does not
believe that this is the case in practice. It was concluded that the location of the shores
relative to the reshores has a significant effect on the loads in the reshores/slabs. This is
due to the difference in form of the deflected shape when loaded by the shores compared
with being loaded by the reshores (differences in deflection coefficients at the reshore
locations).

Based on the experimental results of the Cardington building, a matrix (stiffness
method) of equations to solve for the loads in shores/reshores was developed. A
simplified method of calculating deflection coefficients was used. This method
superimposés deflections based on strips in each direction of two way slabs. This is an
approximation that underestimates deflections at column lines, therefore a modification
factor was used to account for this.

The analytical method developed by for the calculation of reshore/slab forces
made assumptions and yielded conclusions as follows: '

a) The slabs remained elastic with little flexural cracking.

b) Preload in reshores due to initial tightening has some beneficial effect on the load
transferred from the upper to the lower slabs by the reshores.

¢) The forces in reshores can be calculated with reasonable accuracy using the equations
derived, if the preload in the reshores is known.

d) The forces transmitted by reshores to lower floors are significantly smaller than has
normally been assumed, thus meaning that the slabs supporting the shores carriy a
greater load than assumed.

e) Both measured and calculated reshore forces show that there is little benefit for
reshoring through two levels.

The reasonable agreement between the calculated and measured deflections

indicated the validity of assuming the slabs as being uncracked when calculating
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reshoring forces. Reinforcement was ignored in the calculation of deflections. It was
suggested that ignoring the effect of reinforcement on deflection (reducing deflection)
compensates for the presence of some limited cracking in the slabs.

A user friendly Microsoft Excel spreadsheet for the calculation of reshore forces
was developed based on the more complex matrix method described above. The
spreadsheet program seemed to underestimate backprop forces by approximately 6% on
average. It was suggested that a correction factor to compensate for this difference should
be applied. However the difference is so small that the application of the correction
factor may not be necessary.

An anomaly due to the presence of shdres near supports (beams, columns) was
reported. If reshores lie closer to the supports than the shores, then from simple statics it
can be seen that a negative reaction will be created at the support thus increasing the
reshore load. The opposite happens when the shores are located closer to the support than
the reshore. Furthermore, it was concluded that shores located close the supports simply
transfer load directly to the supports and not the reshores. It was concluded that, because
of these factors, no simple general equations could be developed for slabs supported on

four sides.

2.2.12 De Almeida Prado, Silva Correa, and Ramalho 2002
De Almeida Prado, Silva Correa and Ramalho developed a methodology for the

evaluation of construction loads based on sequential analysis using finite element
modeling. The methodology takes into account the entire construction schedule (with the
progressive addition of floors), thus simulating the shoring system with appropriate
stiffness and predefined location of shores/reshores. All the different construction stages
are considered, evaluating the strength and deformability properties of the slabs, beams
and columns according to the concrete’s maturing age.

The basic idea of the sequential method is the individual analysis of each
construction stage. Each new event defines a new construction stage. Such events are the
installation of shores and forms, casting, the removal of forms and shores and the

placement/removal of reshores.
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The structural analysis of each construction stage is performed with a three
dimensional finite element model considering the material and geometric linearity. The
foundation is considered to be rigid and shores are considered to be pinned to slabs. In
addition to the results of internal forces, stresses, displacements and strains, the analysis
developed allows for the evaluation of the loading history of each structural member,
from the start to the conclusion of the construction work.

Computer based structural analysis of buildings usually considers that the entire
structure exists when the loads are applied. Thus, the design process is developed after
identifying the internal forces, displacements etc. through a global one step analysis,
verifying the service and ultimate limit states. The global analysis is valid for vertical
loads applied after the entire structure is completed. For loads such as the structure’s self
weight, which are imposed gradually during the progression of the construction phases, a
global one step analysis is inaccurate. It is better to take into account the building’s
construction sequence and sequence of application of superimposed dead loads.

The distribution of construction loads changes continuously. At casting, a floor
cannot support any load. However, as the concrete of the new floor and the entire
structure matures, the concrete is capable of supporting some load.

Considering the construction of one floor per week, the load distribution should
be calculated seven days after casting. Thus it is necessary to reanalyze the partial
structure after that time, this time without the live loads. Modeling of the new floor
stages is only necessary to evaluate transient construction safety and to establish the
hjstbry of the structural elements’ loads. To obtain the final results for the whole
structure, the analysis may neglect these stages.

Based on the step by step analysis, an approximate method of analysis was
developed, similar to the Simplified (Extended) Method but simpler and quicker to use to
than the sequential analysis involving step by step work. The approximate method

neglects the self weight of the shores and forms.
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It was concluded that the Simplified (Extended) Method fails to consistently
present the same results for different building sfrucnlres. The approximate method
corrects this problem, establishing the load distribution proportions with the primary
structures.

The approximate method includes several other features. Firstly, the relative
stiffness of floor and props are taken into account. Secondly, the columns do take some
loads during the casting of new floors since they are finished and form the bearing system
of the floor together with the props.

It was reported that the approximate method agrees well with the sequential
analysis in some cases while in others the results diverge. It was also reported that the
approximate method does present restrictions. The construction load ratios used
expresses an average value for an entire floor, with some regions more and others less
loaded by the props. This must be understood and taken into account in cases with heavy

load concentrations.

2.3 OTHER ASPECTS OF SHORING/RESHORING

Several authors have studied other aspects of flat slabs under construction
including construction failures, monitoring of shoring loads, deflections, criteria for the
removal of shoring etc. The following section highlights such works which are deemed

to be significant to the topic of shoring/reshoring and present an advancement in the field.

2.3.1 McKaig 1962

This book discusses various types of building failures encountered in modern
times. Of note is Chapter 2 which discusses several failures due to formwork (shoring)
and early removal of shores (punching shear), emphasizing the importance of proper
shoring, reshoring and scheduling of concrete pours. The majority of the concrete failures

discussed in this book are related to shoring.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3.2 Gardner and Chan 1986

Gardner and Chan examined the advantages and disadvantages of reshoring and
preshoring in reinforced concrete flat slab construction. Both techniques can be
summarized as follows:

a) The reshoring technique consists of the removal of formwork and shores on an entire
bay and the placement of reshores without any preload, such that the reshores only
support loads superimposed on the reshored slab. The disadvantage of the reshoring
technique is, while allowing the upper slab to deflect reduces the amount of load on
the supporting slab, the upper slab deflection may be excessive as the concrete is too
young to have developed sufficient stiffness. The effect of this can be large initial
deflection along with associated creep deflection, which may affect on the long term
serviceability behaviour of the slab.

b) The preshoring technique attempts to reduce the excessive deflections associated with
the resﬁoring technique. It is a refined version of the reshoring technique, whereby
the unsupported slab span is reduced and controlled. Preshoring entails leaving
specified shores in place during formwork/shore removal (to reduce slab deflection).
Reshores are then placed in the locations of removed shores (with preshores left in
place). The preshores are then removed and replaced with reshores. This reduces the
span of the slab supporting its own self weight.

It was shown that the use of shores without any reshores gives the largest absolute
load ratio, preshoring the next largest and reshoring the lowest load ratio on slabs. The
desired reduced slab deflections, for which preshores are used, only occur for slabs
reshored to the ground. Since preshoring requires a greater care with construction
supervision, it was concluded that the small difference in slab load to developed strength
ratio between preshored and reshored construction would not offset the additional

increase in construction supervision.
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2.3.3 Grossman 1986

Grossman discusses a shoring methodology using preshores for a two day
construction cycle for high-rise structures which is widely used in New York City. An
example of the sequence of shoring/casting activities during the construction of high rise
concrete buildings using this methodology is described below. This methodology
requires two and a quarter sets of forms.

a) Monday: Concrete for a typical slab is placed beginning at one end of the floor.
Several cylinders are taken at various pour locations and are to be tested at 24 hours.
As soon as workers are able to walk on the concrete surface, they start erecting the
shoring/formwork for the next level, starting from the same side that casting began.

b) Tuesday Morning: Forms are removed from column and beam sides of the slab cast
on Monday. Preshores are installed under each end of alternate sheets of plywood
slab formwork. The preshores are wedged securely in place, but not tight enough to
cause tﬁe lifting of the slab above. After the cylinders from Monday’s early morning
concrete placement indicate a compressive strength of 12MPa or more, the next step
may proceed, but never earlier than noon.

c) Tuesday Afternoon: A thinning out of shores begins at the end where the concrete
pour began. Half the stringers and about 75 percent of the primary shores are
removed. The preshores remain in place.

d) Early Wednesday Morning: By this time, the falsework for the next slab is in place.
Before placing concrete for the next level, the remaining primary shores and forms are
removed, except for the plywood at the preshores. At the same time, reshores are
placed and wedged against the bare concrete soffit at 2.4 meter intervals. Reshores
are also placed within 0.9m from column faces on all four sides. As complete bays
are stripped of all primary shores and completely reshored, and as the process
proceeds into other bays, the preshores are removed.

As a safeguard, the stripping and reshoring work below the slab cast on Tuesday
must be well advanced (at least two full bays ahead) before concrete placement of the
next slab can begin. This is done to avoid any disturbance of the primary shores under

the slab being cast and to keep workers away from the activities above.
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The removal of reshores at the lowest supported level is only allowed at 21 days.
Therefore, at any given time, at least 8 levels will participate in the support of a new slab
and its construction live load. The division of the loads among reshores is in proportion
the stiffness of each supporting slab (based on modulus of elasticity of the slabs at the
time the construction load is applied).

Due to the removal of forms at such an early age, some cracking of the slabs can
be anticipated. Therefore, additional‘reinforcement is added to help improve the effective

stiffness of the slabs.

2.3.4 Hover 1988

Hover examined the effects of drying and form/shore removal on the flexural
cracking in beams and slabs. It is reported that the minimum resistance to flexural
cracking occurs while concrete surfaces are drying. This phenomenon is attributed to
surface drying, which can decrease cracking resistance by approximately 50%. This
minimum cracking strength may very well occur at the time of removal of
formwork/falsework.

It was reported that the development of flexural cracking during the removal of
formwork and shoring may be more sensitive to drying at the same time as ioading than
to the age of the concrete at the time of loading.

It was also reported that the cracking load increases very little with the increase of
reinforcement. More heavily reinforced members will attain the cracking load well
before their ultimate strength. Therefore, these slabs will crack at loads well below safe
allowable loads. For lightly reinforced slabs, the cracking load may be similar or even
greater than the allowable load based on strength. As the amount of reinforcing increases,
the strength of the member increases at a greater rate than its ability to resist cracking.

Therefore, precautidns to properly sequence the removal of formwork/falsework

on the basis of structural capacity may not ensure that flexural cracking does not occur.
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2.3.5 Gardner 1990

This work reviews the interdependence of the rate and method of construction and
" design code provisions on the safety and serviceability of flat slab type structures, since
loads on supporting slabs during construction are determined by the construction schedule
and may be large relative to the design loads.

The governing critical strength parameter for flat slab structures is punching shear.
Most flat slab structures are designed with more punching shear capacity than required,
which is also available during construction. In addition to loads, the contribution of creep
and shrinkage to long term deflections due to construction loads are larger than the elastic
deflections.

While few concrete structures collapse, these collapses usually occur during
construction. Since construction workers spend their entire lives on construction sites,
their risk of injury should not be greater than those of the occupants of the finished
building. Therefore, it was concluded that load factors should be applied in the

calculation of construction loads.

2.3.6 Ambrose, Huston, Fuhr, Devino and Werner 1993

Ambrose, Huston, Fuhr, Devino and Werner investigated sensing systems and
techniques applicable to the monitoring of construction site shoring and scaffolding. It is
surmised that there is an inherent limitation to computer models for the determination of
the safety of formwork structures. These programs cannot predict extreme or unusual
circumstances that may occur. These circumstances include the failure of structural
components (without overloading) and construction crews not adhering to the shoring
system design. Hence, a computer model may not correctly represent the actual loads
present at the actual site.

Therefore a viable alternative to modeling the loads is the real time monitoring of
the actual formwork/shoring loads. However, several limitations exist such as the
feasibility of monitoring all shores and the cost of monitoring equipment.

It was also determined that by the time the instrumented shoring members were

removed, the load had dropped to approximately 75% of the initial load. This was
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attributed to the concrete carrying more and more of the load as it cures. When the
concrete is fully cured, the shoring only carries a fraction of the load and the rest is

supported by the concrete structure.

2.3.7 Gardner and Asamoah 1997

The loads occurring on the supporting slabs during construction can equal or
exceed the design service load. The loads transferred to the supporting immature slabs by
shores and reshores can cause extensive flexural cracking and large deflections. The high
ratio of applied stress to available compressive strength and the lower modulus of
§lasticity of the immature concrete will cause significant creep resulting in significant
long term deflections. Drying shrinkage can also contribute to the long term deflection
and needs to be considered.

Excessive deflections can create serviceability problems such as cracked
partitions, jamming of doors and windows and cracked and sagging floors. Therefore, the
time of installation of non-structural elements is significant as damage may occur as a
consequence of incremental deflection.

It was reported that most codes offer two methods for the control of deﬂections.
The first is the calculation of deflections by the designer and comparing them with
allowable limits. However, the calculation of flat slab deflections is difficult and the
calculating inctemental deflections due to creep and shrinkage are even more complex.
The second method involves the application of code deemed-to-comply provisions based
on span to thickness ratios for which serviceability is assumed to be satisfied and
deflections need not be calculated.

A layered finite element program was used to study the effects of age of loading,
span, panel aspect ratio, live load to dead load ratio and concrete strength on the
deflection serviceability of flat slab systems. It was concluded that age of loading and
span have a significant effect on the slab thickness required to satisfy serviceability

requirements.
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2.3.8 Rosowsky, Huston, Fuhr and Chen 1997

Rosowsky, Huston, Fuhr and Chen examined the forces in formwork shores
during the actual construction of a reinforced concrete structure. It was reported that the
tributary area method well predicted the average shore loads. The more conservative ACI
specified construction loads approximated the maximum measured shore loads.

A great variability in the measured loads in shores, up to twice that expected from
the tributary area contribution was observed. This was attributed to the variability in pre-
compression of the shores during installation. In addition, a small decrease in shore loads
was observed during the curing period. It is suggested that this may be the result of creep
or a gain in slab strength and stiffness. It is also suggested that shore loads in steel shores

can vary with daily temperature variations

2.3.9 Kothekar 1998

Kothekar compared the construction design loads mentioned in various standards
(ANSI, ACI, OSHA, ASCE) with a goal of determining the adequacy of current
provisions for vertical shore loads during construction. Load data from six different
construction sites were used. | )

Based on the results of this study, it was concluded that the tributary area load
provides a good estimate of the maximum average shore load. In addition, both ACI and
ANSI provided reasonable estimates for maximum shore loads based on the instrumented
projects considered in this study. The ACI load is lower than the ANSI which in turn is
slightly lower than that obtained by the ASCE load standard. This is attributed to the
ACI load being unfactored whereas the ANSI and ASCE loads are factored.

2.3.10 Beeby 2001

Beeby developed criteria for the determination of formwork stripping times. This
criterion is based on two interconnected factors relating the early age of concrete to the

speed of construction of multi storey reinforced concrete buildings. These are the time at
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which formwork can be struck and the requirements for reshoring to ensure that slabs are
not overloaded.

It was postulated that formwork stripping times are more dependent on
serviceability criteria such as deflection and cracking (both related) than on strength
factors such as shear and flexure (since flexural strength is influenced more by
reinforcement than concrete strength and concrete strength has relatively small influence
on shear strength, according to Beeby’s interpretation of BS 8110).

Two criteria for the determination of formwork striking times were developed.
The first is the cracking factor (F, a function of load and modulus of elasticity and, thus
deflection) and the second is the loading factor (F, ratio of applied load to design load).
Formwork stripping times are determined by the calculation of these factors, allowing
formwork stripping provided these factors are maintained below, or equal to, unity.

These theoretical criteria were compared to experimental data obtained from the
Cardington‘ Building Project and it was concluded that the criterion provided an
acceptable and economical method for the determination of formwork stripping times

during construction.

2.3.11 King 2004

A case study was performed on the collapse of the reinforced concrete building
under construction at 2000 Commonwealth Avenue in Boston, Massachussets in 1971.
Four workers died in the collapse, however, the collapse occurred slowly enough to allow
most of the workers to escape.

An investigation into the collapse concluded that the event occurred due to
numerous concurrent factors, the major one being the lack of shoring under the top
supporting slab during casting of the slab above. The top supporting slab had inadequate
concrete strength and failed due to punching shear and created a chain reaction leading to

the failure of the slabs below.
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CHAPTER 3

DEVELOPMENT OF ANALYTICAL
METHODOLOGY

3.1 INTRODUCTION
This chapter describes the development of the analytical methodology for the

evaluation and development of shoring/reshoring cycles for flat slab buildings. The
methodology was developed to be practical while reflecting the true structural behaviour
(as much as is practically possible) of slab/shoring/reshoring systems. Aspects pertinent
to the structural behaviour of these systems such as construction load distribution through
shores and reshores, shore/reshore stiffness, slab age (stiffness), foundation stiffness and

creep and shrinkage were considered.

3.2 BASIC METHOLOGY

During the construction of reinforced concrete flat slab buildings, a freshly cast
slab relies on the slabs below it for support. The Simplified Method assumes that this
weight is equally shared by all supporting slabs. A methodology was developed to
determine more realistic load ratios supported by the slabs in the shoring and reshoring
system. A basic description of this methodology is presented below. A more detailed

description is presented in the following sections.

1. The stiffness characteristics of flat slabs for unit point loads applied at desired
shoring and reshoring patterns were determined. Slab stiffnesses at each
shoring and reshoring location is a function of L/A. This was performed using

a finite element analysis of selected flat slab models.
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2. After the stiffnesses at each shore/reshore location had been determined,
equations were developed to describe the relationship between slab
deflections (function of slab stiffness), shore loads and forces in reshores
(unknown). These equations were expressed in matrix form and solved for the
reshore force ratios (proportion of applied load supported by each level of
reshores). The total slab load ratios could be determined by calculating the
differences between reshoring and shoring loads.

3. Parameters including reshore stiffnesses, age adjusted slab stiffnesses,
foundation stiffness, determination of load ratios applied to shores from
freshly cast slab (i.e. tributary area vs. detailed analysis) and concrete creep

and shrinkage were examined.

3.3 DETERMINATION OF SLAB STIFFNESSES

Calculation of the distribution of loads from supporting slabs to reshores during
the construction of flat slab buildings depends on individual slab stiffnesses. To
determine the stiffness of flat slabs, a finite element analysis of selected models was
performed using the LUSAS finite element software, Version 13.5-4. This software has
linear and non-linear capabilities, although all slab models were analyzed assuming linear
elastic behavior and uncracked slabs during construction. This assumption was supported
in the work presented in Beeby 2000.

Single ievel flat slab models were constructed to examine different cases. It was

determined that multi-storey models did not yield appreciable differences.

The models selected are described as follows:
e 3 bays x 3 bays, 9.5m x 9.5m bays
e 3 bays x 3 bays, 6.5m x 9.5m bays
e 3 bays x 3 bays, 9.5m x 9.5m centre bay, 6.5m x 9.5m edge bays, 6.5m x 6.5m
corner bays

e 2 bays x 2 bays, 9.5m x 9.5m bays
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Each of the models included the following characteristics:
e 300mm thick slabs (the slabs were assumed to be uncracked)
e 3.6m high column (clear storey) height
e 500mm x 500mm columns
e 500mm x 500mm solid elements (modeling of slabs)

e 250mm x 250mm solid elements (modeling of columns)

The model bay sizes, aspect ratios and individual member dimensions were
chosen to provide a sample of realistic models when compared to common practice. The
slab span to thickness ratios were based on current CSA-A.23.3-2004 requirements for
the design of flat slabs. The optimum mesh size for the models was determined by
performing a convergence analysis. The mesh size chosen proved to provide acceptable
results (when compared to denser meshes) while being practical with respect to computer
processihg time. The finite element analysis was verified on simple slab models and
compared to classical results from Timoshenko 1959 in order to verify the mesh size
chosen.

The models were chosen to examine the effect of bay arrangement, size and
aspect ratio of bays and number of bays. The 3 bays x 3 bays models were chosen since
this was the largest size of model that could be practically analyzed. These models
provided a center bay, edge bays and corner bays while being large enough to be relevant
to actual buildings. Larger models became unwieldy and the extraction of deflection
results became cumbersome (160000 total deflection points for a 5 bays x 5 bays model
compared to 20736 total deflection points for a 3 bays x 3 bays model).

Different bay arrangements for each of the 3 bays x 3 bays models were chosen to
provide a range of cases for comparison. The 2 bays x 2 bays model was chosen to
determine the effect of model size (as this model can be directly compared to the 3 bays x
3 bays, 9.5m x 9.5m bays model) and since this model provides the worst case for
punching shear (at center column).

The evaluations assumed the use of flying form trusses with 4 supports per truss.
Three to 4 trusses per bay were used, depending on the bay dimensions. This resulted in
16 (9.5m x 9.5m bays), 12 (6.5m x 9.5m bays) and 9 (6.5m x 6.5m bays)
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loading/deflection points per bay. Figures 3.1 to 3.5 describe the slab models as well as
shoring and reshoring arrangements and provide the shorc/reshore point numbering order

described in the following section.
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Figure 3.1: Plan of 3 bays x 3 bays, 9.5m x 9.5m bays model
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SPAN (SEE PLAN)
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Figure 3.5: Section through a typical model

The technique for each single level model was to apply a point load at a given
shore location and then calculate deflections at all designated shore locations due to this
load (the slabs_are un-reshored and free to deflect). This was repeated for all loading
points. A total number of 144 (3 bays x 3 bays, 9.5m x 9.5m bays), 108 (3 bays x 3 bays,
6.5m x 9.5m bays), 100 (3 bays x 3 bays, 9.5m x 9.5m centre bay, 6.5m x 9.5m edge
bays, 6.5m x 6.5m corner bays) and 64 (2 bays x 2 bays, 9.5m x 9.5m bays) deflection
calculations were generated per model. This provided the unit deflection data for all the
slab models, which is the inverse function of unit stiffness. These unit deflections were
stored in an array in a Microsoft Excel 2007 spreadsheet for each slab model.

Based on the unit deflection data for the finite element models, it was intended to
develop a formula for the calculation of slab deflections. However, a convenient and
practical formula to accurately summarize the slab deflections at any point due to a unit

point load at a given location could not be developed based on the analysis of the data.
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LOADCASE = 21
Loadcase 21
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Figure 3.10: Finite element deflection contours with unit load near mid span of
center bay for 3 bays x 3 bays, 9.5m x 9.5m bays model
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389K
2 92147E8
194765E6
0.973824E6
N o
0873824E-6

Max 0 1910E-05 at Node 85886
Min 0. 1367E-04 ai Node B1511

Figure 3.11: Finite element deflection contours with unit load near mid span of
center bay, 3 bays x 3 bays, 6.5m x 9.5m bays model
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LOADCASE = 16
Loadcase 15
RESULTS FILE = 0
DISPLACEMENT
CONTOQURS OF DZ

-0.016353E-3

0.015 1849E-3
-0.0140168E-3
-0.0128488E-3

-4.87228E60
-3.50421£6
-2.3%14E8
-1 16807686
g

1.16807E-6

Max 0 1334E-05 at Node 331128
Min -0 1736E-04 at Node 338802

Figure 3.12: Finite element deflection contours with unit load at mid span of center
bay, 3 bays x 3 bays, 9.5m x 9.5m centre bay, 6.5m x 9.5m edge bays, 6.5m x 6.5m
corner bays model

LOADCASE = 10
Loadcase 10
RESULTS FILE = ]
DISPLACEMENT

CONTOURS OF DZ

-3.54288E8
-3 22078E8
-2.89871E6
-2 57663E6
“2.25455E8..
-1.93247E4
-1.61038E8
-128831E6
-0.966 235E-6
0644 157E-8
0.322078E6
20

32207866
B44157E6
096623585
128831E-6

Max 0.1311E-05 at Node 53283
Min -0 3843E-05 at Node 62782

Figure 3.13: Finite element deflection contours with unit load near centre column, 2
bays x 2 bays, 9.5m x 9.5m bays model
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3.4 DEVELOPMENT OF EQUATIONS

After slab stiffnesses had been determined from the finite element analysis for
each model, sets of equations were developed to describe the relationship between the
applied shore loads, the supporting slabs and the loads supported by the reshores (taking
into account slab and reshore stiffnesses). Multiple levels of reshores were taken into
account using superposition.

The reshore stiffness used was that of the Aluma Heavy Duty Post Shore with a
calculated stiffness of 17,816 KN/m (referred to herein as a realistic reshore stiffness).
The analysis was also performed using reshore stiffnesses of 1/3 x realistic and 3 x
realistic to examine the effect of different reshore stiffnesses. The reshore load ratio
results using elastic shores were compared to results calculated using infinitely stiff
reshores (Simplified Method) for comparison.

The slab stiffnesses used were those obtained from the finite element analysis. In
addition, the effect of age adjusted slab stiffness was examined. Slab stiffnesses are a
function of developed concrete strength which in turn is a function of age with lower
slabs being stiffer than newer, upper slabs. The relationship between concrete strength
and age is complicated since curing conditions will influence strength development.
Concrete strength is usually measured on cylinders which likely have not undergone the
exact same curing conditions as the slabs. Nonetheless, since current measurements on
concrete strength are based on cylinder strength (i.e. to determine strength prior to
stripping form;zvork), so are the concrete slab stiffness estimates. The effects of
reinforcement on slab stiffness are ignored since it is presumed that all slabs within a
multi slab building would have an equal amount of reinforcement and that the
methodology developed utilizes relative stiffnesses between different slabs, which will be
governed by concrete properties.

For comparison, reshore and slab force ratios were determined using equal slab
stiffnesses as well as realistic relative slab stiffnesses based on a casting cycle of 3.5 and
7 days to determine the importance of relative slab stiffness on the reshoring process.
The relationship used for the determination of the increase in concrete stiffness with age

is described with the following equations.
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o /0,28 days=t""/(2.8+0.77t"*) (Gardner), where £’ /f’; 28 days is the ratio of
the 28 day design strength achieved at time t in days

e The modulus of elasticity, E, is proportional to (f’.) 12 therefore, the ratio of
modulus of elasticity at time T versus that of 28 days was taken to be (f /. 28
days) 1?2

The equations that describe the relationships between the shore loads, slabs and
reshores are described and developed in the following figures. For demonstration
purposes and clarity, the development of the equations is based on a single bay with 12
shore/reshore points with 1 level of reshores only. The process is similar for the
complete models with 1, 2 and 3 levels of reshores. Figure 3.14 is a 2 dimensional section
model demonstrating schematically the placement of shores and reshores (directly below
the shoring points) and typical notation used in the equations. Figures 3.15 and 3.16
show a 3 dimensional view of the single bay demonstration model with 12 shore and

reshore points (1 level of reshores).

P1 Pz P:,)
™ R
JAY /o ‘ As |
f.“ [P “,' S, = — B . .. g - ” P ; ~ - ‘ .%
| | I
F1 Fa Fs
. '61 '62 ‘(53 |

Figure 3.14: Simplified analysis model
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P9 P10 P11 P12

Figure 3.15: Isometric view showing shore locations for a single bay

Figure 3.16: Isometric view showing reshore locations for a single bay
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The following is the notation from the above figures used in the equations below. From

Figures 3.14 to 3.16, we take:

P;=  Shore load at position i
F;= Reshore load at position i
Ai= Top slab deflection at position i
0i= Bottom deflection at position i
Kij= Top slab stiffness at position i due to the shore load at position j
ki = Bottom slab stiffness at position i due to the reshore load at position j
=  Reshore stiffness
Based on the above figures, the following set of equations (equation 1) describes the

relationship between the top slab deflections, the shore loads and the reshore loads.

A1 = Pi-F)/Kiq1 + (P2-F2)/Ki 2+ (P3-F3)/Ki3 terreriiiiiininionnninionennnns + (P12-F12)/ K12
A= (Pi-F1)/Kz.1 + (P2-F2)/Kz 2+ (P3-F3)/Kz3 teeereiineiiiieiiinnnnnnnnnns + (P 12-F12)/ K12
As=(P 1-F)/Ks1 + (P-F)/Ks, + (P 3-F3)/ K33 Feeeiiiiiiiniiiiinniiinnnnes + (P12-F12)/ K312
A= (P1-F)/Kya.1 + (P2-F2)/ K22+ (P3-F3)/Kj23 +Feereiiiniiincinnnnens + (P2-F12)/ K212

Similarly, the following set of equations describes the relationship between the top slab

deflections, the bottom slab deflections and the reshore loads.

Given A; = F{/R + 8; (equation 2), where 8, in equation 2 is substituted by equation 3,
which describes the relationship between the bottom slab deflections and the reshore
loads,

01= (F)/Kia + (F2)/Kia+ (F3)/Kiateeieoiiiiniiiniiiiieincnnnne. + (F12)/k1.12 (equation 3)

the following equations (equation 4) are developed:
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A1=Fi/R+F /K 1+ Fo/Kig F F3/K13 ciiiiiiiiiniiiiinnniicncnnrnenncen + Fi2/Ki12

Ay =Fa/R+ Fi/ka 1+ Falky s + Fi/Ka s ... ssessssssssescsssnsnsssssnoes + Fio/koa2
As=F3/R+HF /K31t Fo/K3a T F3/K33 ceniniiniinnneniineniennnsenencenn + Fi2/Ks.12
Ap=F12/R+Fi/Ki2.1t F2/K122 + F3/Ki23 ceveereererenreenerssececncees + Fi2/Ki2.12

To simplify the notation, the subscripts i and j, which describe the shore and reshore and
slab deflection positions, were substitute by a counter, subscript n, that describes both i

and j. The counter n is described by the following equation.
n = (i-1)*12 + j (equation S)

Therefore, from equation 5: Kj.1ki.;1 = Ky/k;
Kiokiz=Ko/k,
Kiakis=Ka/ks

Kiz2kiz2 = Kiaa/k 44

Since the sets of equations 1 and equations 4 are expressed in terms of A (top slab
deflection), these can be equated and arranged to equate the reshore load terms (F) and
the shore load terms (P), so that the system of equations can be solved for the unknown,
F. For example, taking A;=A; from equation sets 1 and 4 and applying the counter n, the

following equation is developed:

P1-F)/Kyq + P2-F2)/ K2+ (P3-F3)/Ky3 +...ooot Pr2-Fr2)/Ki2= FYR + Fr/kpg +
Fa/kiz + F3/Ki3eeeeas + Fo/Kia2 (equation 6)

Rearranging equation 6 results in:

Fi/R + Fy/k; + Fy/k; + Fi/k;...... + Fo/kpn+ FI/K + Fo/ K+ F3/K; +...... + F/Kp2 =
Pi/Ky + Py/K; + P3/K; +...... + P12/Ky; (equation 7)
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From applying equation 7 for A through A3, the sets of equations can be assembled to

writing the matrix equations (equation 8), for all 12 load and reshore points:

F, I’R’;Al(’lK‘* 1K + 1k Co UKg + 1k
F, VKi+ ks UR+ VK + Uk
F3
F,
Fs
Fs
% =
F7
Fy
Fio
Fu
FIZ
Fis VKis + Uks  « - S IR + UKyes + ges
Ve  Uk: ks 1ks Vks VUke Uk, 1ks 1ks 1ky ks kg P,
P,
) P,
P,
Ps
P
*
P,
Py
Pio
Pll
P12
Yk - . ) . ) . . ) ) T Pis
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By rearranging the matrices from equation 8, the reshore forces can be resolved as

follows (equation 9):

1/k,

K33

1R+ 1/K; +
1/k;

1Kz + 1/kys

1/Kis3 + /K33

1k, Uk;

I/Kz + I/kz . . . . . . I/Klz + 1/k|2

/R + UKy + 1k

I/R + l/K144 + l/kl-l-t

ks Vks 1/ks Vks; 1/ks 1k, Vky Vky Vkp

1k 144
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For the 4 models analyzed, [F] = [S2]” [S1] [P] (equation 9 above) results in the
following sizes of matrices [S1] and [S2]:
e 3 bays x 3 bays, 9.5m x 9.5m bays: 144 x 144 for 1 level, 288 x 288 for 2 levels
and 432 x 432 for 3 levels of reshores. _
e 3 bays x 3 bays, 6.5m x 9.5m bays: 108 x 108 for 1 level, 216 x 216 for 2 levels
and 324 x 324 for 3 levels of reshores.
e 3 bays x 3 bays, 9.5m x 9.5m centre bay, 6.5m x 9.5m edge bays, 6.5m x 6.5m
corner bays: 100 x 100 for 1 level, 200 x 200 for 2 levels and 300 x 300 for 3
levels of reshores.

e 2 bays x 2 bays, 9.5m x 9.5m bays: 64 x 64 for 1 level, 128 x 128 for 2 levels and
192 x 192 for 3 levels of reshores.

The output of equation 9 above, F, provides the reshore force ratio for each
reshore location. The reshore force ratio is the proportion of the applied shoring load
transferred to each level of reshores. The load ratios applied to the supporting slabs result
from the differences between the applied or reshore load ratios above and below the
supporting slab.

The application of the above discussed equations is presented in its entirety in
Microsoft Excel 2007 (Beta Version) spreadsheets in Attachment 1 (attached compact
disk). Previous versions of Microsoft Excel did not provide the capabilities required for
the presentatior;, manipulation and the performance of the required matrix operations for
these large data sets.

To understand the spreadsheets, the reader is directed to the file entitled “3x3
Bays, 9.5m x 9.5m, 1 Level of Reshores” in Attachment 1. Summary results and
discussions are presented in Chapter 4. The following bullets provide a step by step
description of the generation of the results, which is typical for all models and reshore
cases.

e The first Tab at the lowest left hand corner of this spreadsheet presents the

results for 1 level of reshores.

o The data set starting at Row 3 presents the unit deflection results from the

finite element analysis (FEA) for the 144 separate shore positions for this case
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(Column A provides the shore/reshore point numbering shown in Figures 3.1
to 3.4). Columns B and C present the x and y coordinates for each of the 144
shore positions.

o The unit deflection data (starting on Row 3) is then assembled into [S1], a 144
X 144 matrix (Row 152). These unit deflections represent 1/unit stiffness for
each of the shore positions. [S1] is assembled by transposing the unit
deflection data, due to the order in which the data was generated and extracted
from the models.

o [S2] starts at Row 299 and is assembled from the unit deflection data and
reshore stiffnesses.

o [S2]" starts at Row 446.

o The product [S2]™ [S1] starts at Row 594.

e Row 750, Columns B shows the load input, {P], for each shore based on the
tributary area. The shore location numbers are shown in column A.

e Row 750, Column D displays the forces in each reshore, [F], obtained from
the following matrix equation: [F] = [S2]" [S1] [P]

e Row 750, Column F displays the ratio of the reshore load over the shore load
for each level of reshores

o Row 740, Columns D, E and F present the different reshore stiffnesses used.
The Realistic reshore stiffness of 17816 N/mm is denoted by ‘R’. A reshore
stiffness of 1/3 x Realistic is denoted by ‘R/3’ and a reshore stiffness of 3 x
Realistic is denoted by ‘3*R’. The infinite reshore stiffness case is denoted by
‘Infinite’.

e Row 741, Column A is the location for the input of reshore stiffness values for
the generation of results for reshore forces (input cell shaded yellow). To
change the reshore stiffness in the highlighted cell, simply copy one of the
stiffnesses provided in the table and paste (paste value only) into the cell.

¢ Row 740, Columns K,L,M and O,P,Q present the different slab relative
stiffnesses used for a casting cycle of 3.5 days and 7 days.
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¢ Row 743, Column I is the location for the input of slab stiffness values for the
generation of results for reshore forces (input cell shaded yellow). To change
the slab relative stiffness in the highlighted cell, simply copy one of the

stiffnesses provided in the table and paste (paste value only) into the cell.

The spreadsheets are partially interactive as the reader can modify the reshore and
slab relative stiffnesses to examine the effect of these parameters. It should also be
mentioned that, for an infinite reshore stiffness, a very small value (1 x 10%) was used
for the inverse of reshore stiffness (1/R) instead of zero.

Once the reshore ratios are determined for the different reshore stiffnesses, the
logic of the Simplified Method could be applied to calculate shoring an reshoring
schedules. Some sample shoring and reshoring schedule calculations for a single level of
shores, 1, 2 and 3 levels of reshores and a casting cycle of 7 days are presented and
discussed in Chapter 5. The results for realistic conditions are presented with those of the
Simplified Method (infinitely stiff reshores) for comparison.

It should be noted that a single level of shores was used since it is believed that 1
level of shores is both economically and structurally the most efficient system (reshores

are less expensive than shoring and formwork systems).

3.5 OTHER PARAMETERS

The major parameters thought to affect the distribution of applied shoring loads to
a reshored slab system are reshore stiffness, slab stiffness and relative slab stiffness. The

following sections describe other parameters which should also be considered.

3.5.1 Determination of shoring loads

Shores support the load of the formwork, fresh concrete and live load due to
construction operations. It has been traditionally assumed that the load supported by the
shores is proportional to the tributary area of formwork and freshly cast slab supported by
each shore. This may be correct if a series of independent post shores are used to support
formwork. Given the frequent use of more complex shoring structures, such as flying or

table forms, the load in each shore would depend on the behaviour of the main structural
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members of the system (i.e. the reactions at the supports of a continuous truss, such as
flying table form trusses, are a function of the truss span and stiffness). In this thesis,
calculations of reshoring loads were performed using input loads from shoring using the
‘tributary area of the system (for simplicity). However, a cursory analysis was performed
~ to examine the magnitude of the effect of taking into account the continuity of the flying
form trusses. This cursory analysis determined that the difference in load supported by
the shores varied by less than 6% from the values calculated using the tributary areas.
This difference would have an effect on individual reshore load ratio values but would

not change the average reshore load ratios and total slab load ratios.

3.5.2 Stiffness of foundations

Foundations for the bottom level of reshores have been assumed to be infinitely
rigid. This is not completely correct as all material, including soils have a stiffness and
will deflect under applied load. This was not directly taken into account into the
developed methodology. However, this stiffness can be taken into account by taking the
relative stiffness of the soil and the first level slab (as if the soil was a supporting slab in
the system) and applying the relative stiffness into the equations developed in Section
3.2. The knowledge of the soil stiffness parameters would have to be provided by a

geotechnical engineer.

3.5.3 Creep and shrinkage

All concrete under load experiences shrinkage and creep. Both are long term
phenomena and are dependent upon many of the same parameters

Concrete shrinkage in reinforced concrete slabs is a very difficult problem.
Concrete shrinkage includes plastic shrinkage, autogenous shrinkage for low water
cement ratio (<0.4) concrete, drying shrinkage and carbonation shrinkage. Carbonation
shrinkage is a long term phenomena and not relevant to the reshoring problem.
Autogenous shrinkage is only of relevance to low water/cement ratio concretes which are
inappropriate for flat slab systems. Plastic shrinkage occurs before the concrete has set

and can be minimized by appropriate curing.
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Presuming that reinforcement is placed to resist the tensile forces due to the
applied loads, drying shrinkage will cause deflections in the same direction as the load
induced deflections. There is very little information available describing the early age
development of shrinkage under the curing conditions of suspended slab construction.
Fortunately drying shrinkage predicted by code type equations is relatively small during
the construction phase (approximately 60 microstrain at 7 days). Consequently shrinkage
is neglected in these analyses.

All concrete under load creeps which has a significant effect on the deflections of
early loaded concrete members. For the shoring and reshoring cases considered, using
one level of shores and multiple levels of reshores, creep does not appear to affect the
maximum slab loads which occur immediately after the new upper slab is cast.

As an example consider constructing a series of flat slabs using one level of stiff
shores, no reshores and casting a new slab every 7 days. The first slab above the ground
is cast and at the morning of the 7™ day, the shores are removed and placed on top of the
slab readying for the new slab. The slab deflects under its own self weight and the
shores/formwork. In the afternoon of the 7™ day, the new slab is placed and the
supporting slab deflects. The supporting slab is now carrying the weight of two slabs
plus the shores and deflects accordingly. By day 8 the older lower slab will have creep
deflected due to creep under the action of its own self weight and the weight of the newly
cast upper slab, which now has some strength and stiffness. However as the lower slab
deflects, and the upper slab follows suit, some of the self weight of the upper slab is
picked-up by the upper slab and the load on the lower slab decreases. By day 9, the
deflections of the lower slab have increased due to creep from its self weight and the
residual support of the upper slab. The upper slab deflection has increased due to early
age creep for the part of its self weight it is ca;rrying. With the assumption of infinitely
stiff shores, the increases in deflection of the two slabs will be identical. As time
progresses towards the 14" day, when the stripping and moving the shores/formwork
operation will be repeated, the upper slab picks up an increasing fraction of its own self

weight and the lower slab load decreases. Table 3.1 shows an trial analysis for this logic.
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This example assumes 200 mm thick slabs cured 1 day and exposed to a relative
humidity of 65%. The creep method chosen is GL2000 (Gardner 2004). The creep
values are expressed as compliance, load induced strain per unit stress (i.e.
microstrain/MPa). The inverse of the compliance is the reduced modulus of elasticity
and directly proportional to deflection if the slab is not cracked. Please note that for this
concrete loaded at 7 days, the compliance approximately doubles (effective modulus
halves) by 14 days.

The load ratio for the lower, supporting, slab decreases from 2 at day 7 to 1.6 at
day 14. A reduction in the load ratio of the supporting slabs with time has been reported
by Ambrose et al 1993. There are many uncertainties inherent in this demonstration
analysis:

a) predicting early age creep by a method devised for long duration behaviour may be
unwise.

b) the pick-up of load by the ubper slab is an aging creep phenomena which was not
considered in the example

c) the one day strength/stiffness gain of the upper slab concrete is unkown

Creep will have a signiﬁcant effect on the long term deflections of slabs loaded at
early ages. The research presented originally intended to further study this phenomena.
However, given the complexity creep exacerbated by the variety and superposition of
loading conditions, it was decided to abandon further evaluation. Figures 3.17 and 3.18
provide some schematic examples which demonstrate the complexity of predicting creep
deflections in flat slabs.

As with shrinkage, it is our opinion that creep would require much more study

specific to short term construction loads, and therefore it is neglected in our analyses.
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, Age of casting
(days, top slab) 0 1 2 3 4 5 6 7
Age of casting
(days, bottom 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
slab)
Age of loading
(days, bottom
slab)

Age of loading | —— S T T Y 5 -0 2 0 B -0 O
(days, top slab) 3 45 68 76 80 84 87 89 N 93 94 95 96
4 43 63 70 74 77 80 82 84 85 86 88

5 41 60 66 70 73 75 77 79 80 81

6 40 58 63 67 70 72 74 75 76

0 7 39 56 61 64 67 69 70 71

1 8 38 54 59 62 65 67 69

2 9 37 53 58 61 63 65

3 10 37 52 58 59 62

4 11 37 51 55 58

5 12 36 50 54

6 13 36 49

7 14 36
Loa.d 2.00 1.92 1.82 1.88 1.85 1.82 1.82 1.81

Ratio

Note: Creep compliances provided for ages of loading and casting. Resulting load ratios calculated and provided on bottom

TOW.

Table 3.1: Simplified analysis to determine the effect of creep on the calculation of shoring and reshoring schedules.
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Figure 3.17a: Development of elastic deflections in shoring and reshoring systems, assuming a single level of shores only
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Figure 3.17b: Development of elastic deflections in shoring and reshoring systems, assuming a single level of shores combined
with a single level of reshores only
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Figure 3.18a: Development of elastic and inelastic deflections in shoring and reshoring systems, assuming a single level of
shores only
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Figure 3.18b: Development of elastic and inelastic deflections in shoring and reshoring systems, assuming a single level of
shores only and a single level of shores combined with a single level of reshores
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CHAPTER 4

RESULTS

4.1 INTRODUCTION

This chapter presents the results from the analysis of the four models for 1,2 and 3
levels of reshores. The results are presented in summary tables. This has been done due to
the size of the results data files which are impractical to present in printed format. For the
entirety of fhe results and the step by step calculations for each model and the different levels
of reshores, the reader is directed to the enclosed compact disk (Attachment 1). Section 4.2
below provides a glossary of abbreviations and terms as well as a step by step description on
how to read the results presented in electronic format.

The results of the above discussed development of equations are presented in their
entirety in Microsoft Excel 2007 (Beta Version) spreadsheets in Attachment 1 (attached
compact disk). Previous versions of Microsoft Excel did not provide the capabilities required
for the presenta;tion, manipulation and the performance of the required matrix operations for

these large data sets.

42 READING THE DETAILED RESULTS

To demonstrate how to read the detailed results provided in attachment 1, the reader
is directed to the file entitled “3x3 Bays, 9.5m x 9.5m, 1 Level of Reshores” on the attached
CD. The following bullets provide a step by step description on reading the results for this

model and reshore case, which is typical for all models and reshore cases.
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4.2.1 Methodology

The following describes the portion-of each spreadsheet that is assembled to generate
the results. For a more detailed description of the development of the analytical
methodology, the reader is directed to Chapter 3.

e The first Tab at the lowest left hand corner of this spreadsheet presents the results

for 1 level of reshores.

e The data set starting at Row 3 presents the unit deflection results from the finite
element analysis (FEA) for the 144 separate shore positions for this case (Column
A). Columns B and C present the x and y coordinates for each of the 144 shore
positions.

e The unit deflection data (starting on Row 3) is then assembled into [S1], a 144 x
144 matrix (Row 152). These unit deflections represent 1/unit stiffness for each
of the shore positions. [S1] is assembled by transposing the unit deflection data,
due to the order in which the data was generated and extracted from the models.

e [S2] starts at Row 299 and is assembled from the unit deflection data and reshore
stiffnesses.

o [S2]" starts at Row 446.

e The product [S2]" [S1] starts at Row 594. .

e Row 750, Columns B shows the load input, [P], for each shore based on the
tributary area. The shore location numbers are shown in column A.

e Row 750, Column D displays the forces in each reshore, [F], obtained from the
following matrix equation: [F] = [S2]" [S1] [P]

e Row 750, Column F displays the ratio of the reshore load over the shore load for

each level of reshores

4.2.2 Generation of results

e Row 740, Columns D, E and F present the different reshore stiffnesses used. The
Realistic reshore stiffness of 17816 N/mm is denoted by ‘R’. A reshore stiffness
of 1/3 x Realistic is denoted by ‘R/3” and a reshore stiffness of 3 x Realistic is
denoted by “3*R’. The infinite reshore stiffness is denoted by ‘Infinite’.

e Row 741, Column A is the location for the input of reshore stiffness values for

the generation of results for reshore forces (input cell shaded yellow). To change
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the reshore stiffness in the highlighted cell, simply copy one of the stiffnesses
provided in the table and paste (paste value only) into the cell.

e Row 740, Columns K,I.,M and O,P,Q present the different slab relative‘
stiffnesses used for a casting cycle of 3.5 days and 7 days.

e Row 743, Column I is the location for the input of slab stiffness values for the
generation of results for reshore forces (input cell shaded yellow). To change the
slab relative stiffness in the highlighted cell, simply copy one of the stiffnesses
provided in the table and paste (paste value only) into the cell.

e Tables providing calculated reshore forces for the different reshore stiffnesses
and relative slab stiffnesses of 1.0 and for realistic cases at casting cycles of 3.5
and 7 days start at Row 749 between Columns H and BK.

e  The table summarizing the minimum, maximum and average reshore loads as
well as the minimum, maximum and total loads supported by the slabs in the
reshored system for each reshore stiffness and casting cycles are provided starting
at Row 902. This is the table imported into the text for review and discussion.
For example, the table on Row 902 is Table 4.1a presented in Section 4.3,

Summary Results.

43 SUMMARY RESULTS

The following tables present the summary of results for each of the models and
stiffnesses. The results are presented in two sets of comparisons. The first (Sections 4.3.1. to
4.3.4) compares the effect of the different reshore stiffnesses for each model, number and
sizes of bays, with the results obtained for infinitely stiff reshores for 1, 2 and 3 levels of
reshores. The second of compari.sons (Sections 4.3.5 to 4.3.8) compares the effect of the
arrangement of bays, bay sizes and aspect ratios between the different models for each

reshore stiffness for 1, 2 and 3 levels of reshores.

4.3.1 Effect of reshore stiffness for the 3 bays x 3 bays, 9.5m x 9.5m bays
model

The summary results for this model (Figure 4.1) are presented in Tables 4.1a to 4.1c
shown following the text in this section. The effect of the different reshore stiffnesses when

compared with infinitely rigid reshores for this model are summarized below.
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Figure 4.1: 3 bays x 3 bays, 9.5m x 9.5m bays model

4.3.1.1 Results for 1 level of reshores (2 supporting slabs, Table 4.1a)

1. The average reshore force ratio has a difference of -51% (1/3 realistic reshore
stiffness), -30% (realistic stiffness) and -17% (3 x realistic reshore stiffness)
when compared with the force ratio of 0.5 calculated using reshores with an

infinite stiffness.
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2. The total load ratio supported by the top slab has a difference of +51% (1/3
realistic reshore stiffness), +30% (realistic stiffness) and +17% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

3. The total load ratio supported by the lowest slab has a difference of -51% (1/3
realistic reshore stiffness), -30% (realistic stiffness) and -17% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

4. The maximum reshore force ratio has a difference of -26% (1/3 realistic reshore
stiffness), -2% (realistic stiffness) and +6% (3 x realistic reshore stiffness) when
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The maximum reshore forces occur near to the mid-span of the corner
bays (reshore locations 14, 23, 122, 131).

5. The minimum reshore force ratio has a difference of -85% (1/3 realistic reshore
stiffness), -75% (realistic stiffness) and -62% (3 x realistic reshore stiffness)
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The minimum reshore forces occur near the interior columns (reshore
locations 52, 53, 56, 57, 88, 89, 92, 93).

6. The change in load carried by the reshores due to the different stiffnesses of the
slabs (age of slabs) is between +3% (1/3 realistic reshore stiffness) to +7%
(infinite reshore stiffness) when compared to the results calculated using a

uniform stiffhess for all slabs.

4.3.1.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.1b)

1. The average force ratio for the top level of reshores has a difference of -60% (1/3
realistic reshore stiffness), -38% (realistic stiffness) and -22% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness.

2. The average force ratio for the lowest level of reshores has a difference of -71%
(1/3 realistic reshore stiffness), -51% (realistic stiffness) and -30% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.34 calculated using

reshores with an infinite stiffness.
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3. The total load ratio supported by the top slab has a difference of +119% (1/3
realistic reshore stiffness), +76% (realistic stiffness) and +44% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

4. The total load ratio supported by the middle slab has a difference of -42% (1/3
realistic reshore stiffness), -25% (realistic stiffness) and -14% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

5. The total load ratio supported by the lowest slab has a difference of -77% (1/3
realistic reshore stiffness), -51% (realistic stiffness) and -30% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

6. The maximum force ratio for the top level of reshores has a difference of -39%
(1/3 realistic reshore stiffness), -11% (realistic stiffness) and +3% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to the
mid-span of the corner bays (reshore locations 14, 23, 122, 131).

7. The maximum force ratio for the lowest level of reshores has a difference of -
62% (1/3 realistic reshore stiffness), -24% (realistic stiffness) and 0% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.34 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near
to the mid-span of the corner bays.

8. The minimum force ratio for the top level of reshores has a difference of -89%
(1/3 realistic reshore stiffness), -79% (realistic stiffness) and -67% (3 x realistic
reshore stiffness) compared with the force ratio of 0.67 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns (reshore locations 52, 53, 56, 57, 88, 89, 92, 93).

9. The minimum force ratio for the lowest level of reshores has a difference of -96%
(1/3 realistic reshore stiffness), -87% (realistic stiffness) and -78% (3 x realistic
reshore stiffness) compared with the force ratio of 0.34 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior

columns (reshore locations 52, 53, 56, 57, 88, 89, 92, 93).
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10. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffness) to +6% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

11. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -2% (1/3 realistic reshore
stiffness) to +9% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.

4.3.1.3 Results for 3 levels of reshores (4 supporting slabs, Table 4.1¢)

1. The average force ratio for the top level of reshores has a difference of -64%
(1/3 realistic reshore stiffness), -43% (realistic stiffness) and -35% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.75
calculated using reshores with an infinite stiffness.

2. The average force ratio for the middle level of reshores has a difference of -
83% (1/3 realistic reshore stiffness), -60% (realistic stiffness) and -36% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.50
calculated using reshores with an infinite stiffness.

3. The average force ratio for the lowest level of reshores has a difference of -
90% (1/3 realistic reshore stiffness), -68% (realistic stiffness) and -41% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.25
calculated using reshores with an inﬁﬁite stiffness.

4. The total load ratio supported by the top slab has a difference of +191% (1/3
realistic reshore stiffness), +128% (realistic stiffness) and +76% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated
using reshores with an infinite stiffness.

5. The total load ratio supported by the middle-top slab has a difference of -25%
(1/3 realistic reshore stiffness), -9% (realistic stiffness) and -4% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated
using reshores with an infinite stiffness.

6. The total load ratio supported by the middle-lower slab has a difference of -
76% (1/3 realistic reshore stiffness), -52% (realistic stiffness) and -31% (3 x
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realistic reshore stiffness) when compared with the total load ratio of 0.25
calculated using reshores with an infinite stiffness.

7. The total load ratio supported by the lowest slab has a difference of -90% (1/3
realistic reshore stiffness), -68% (realistic stiffness) and -41% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated
using reshores with an infinite stiffness.

8. The maximum force ratio for the ‘top level of reshores has a difference of -45%
(1/3 realistic reshore stiffness), -18% (realistic stiffness) and 0% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.75 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to
the mid-span of the corner bays (reshore locations 14, 23, 122, 131).

9. The maximum force ratio for the middle level of reshores has a difference of -
71% (1/3 realistic reshore stiffness), -36% (realistic stiffness) and -7% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.5 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur
near to the mid-span of the corner bays.

10. The maximum force ratio for the lowest level of reshores has a difference of -
82% (1/3 realistic reshore stiffness), -47% (realistic stiffness) and -11% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.25
calculated using reshores with an infinite stiffness. The maximum reshore
forces occur near to the mid-span of the corner bays.

1. The minimum force ratio for the top level of reshores has a difference of -90%
(1/3 realistic reshore stiffness), -81% (realistic stiffness) and -61% (3 x
realistic reshore stiffness) compared with the force ratio of 0.75 calculated
using reshores with an infinite stiffness. The minimum reshore forces occur
near the interior columns (reshore locations 52, 53, 56, 57, 88, 89, 92, 93).

12. The minimum force ratio for the middle level of reshores has a difference of -
97% (1/3 realistic reshore stiffness), -90% (realistic stiffness) and -81% (3 x
realistic reshore stiffness) compared with the force ratio of 0.50 calculated
using reshores with an infinite stiffness. The minimum reshore forces occur
near the interior columns.

13. The minimum force ratio for the lowest level of reshores has a difference of -

99% (1/3 realistic reshore stiffness), -93% (realistic stiffness) and -84% (3 x
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realistic reshore stiffness) compared with the force ratio of 0.25 calculated
using reshores with an infinite stiffness. The minimum reshore forces occur
near the interior columns.

14. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffhess) to +5% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

15. The change in load carried by the middle level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +3% (1/3 realistic reshore
stiffness) to +7% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.
16. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -11% (1/3 realistic reshore

stiffness) to +10% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.
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3x3 Bays, 9.5m x 9.5m, 1 Level of Reshores
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Table 4.1a: Results for 3 bays x 3 bays, 9.5m x 9.5m bays model, 1 level of reshores
3x3 Bays, 9.5m x 9.5m, 2 Levels of Reshores
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Table 4.1b: Results for 3 bays x 3 bays, 9.5m x 9.5m bays model, 2 Levels of reshores
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3x3 Bays, 9.5m x 9.5m, 3 Levels of Reshores
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Table 4.1c: Results for 3 bays x 3 hays, 9.5m x 9.5m bays model, 3 Levels of Reshores




4.3.2 Effect of reshore stiffness for the 3 bays x 3 bays, 6.5m x 9.5m bays
model

The summary results for this model (Figure 4.2) are presented in Tables 4.2a to 4.2¢
shown following the text in this section. The effect of the different reshore stiffnesses when

compared with the infinitely rigid reshores for this model are summarized below.
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Figure 4.2: 3 bays x 3 bays, 6.5m x 9.5m bays model
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4.3.2.1 Results for 1 level of reshores (2 supporting slabs. Table 4.2a)

1. The average reshore force ratio has a difference of -62% (1/3 realistic reshore
stiffness), -40% (realistic stiffness) and -23% (3 x realistic reshore stiffness)
when compared with the force ratio of 0.5 calculated using reshores with an
infinite stiffness.

2. The total load ratio supported by the top slab has a difference of +62% (1/3
realistic reshore stiffness), +40% (realistic stiffness) and +23% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

3. The total load ratio supported by the lowest slab has a difference of -62% (1/3
realistic reshore stiffness), -40% (realistic stiffness) and -23% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

4. The maximum reshore force ratio has a difference of -35% (1/3 realistic reshore
stiffness), -7% (realistic stiffness) and +5% (3 x realistic reshore stiffness) when
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The maximum reshore forces occur near the interior edge (short
dimension) and near the mid-span (long dimension) of the corner bays (reshore
locations 12, 16, 93, 97). .

5. The minimum reshore force ratio has a difference of -87% (1/3 realistic reshore
stiffness), -76% (realistic stiffness) and -61% (3 x realistic reshore stiffness)
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The minimum reshore forces occur near the interior columns (reshore
locations 40, 42, 67, 69).

6. The change in load carried by the reshores due to the different stiffnesses of the
slabs (age of slabs) is between +2% (1/3 realistic reshore stiffness) to +7%
(infinite reshore stiffness) when compared to the results calculated using a

uniform stiffness for all slabs.
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4.3.2.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.2b)

1. The average force ratio for the top level of reshores has a difference of -70% (1/3
realistic reshore stiffness), -48% (realistic stiffness) and -29% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness.

2. The average force ratio for the lowest level of reshores has a difference of -86%
(1/3 realistic reshore stiffness), -64% (realistic stiffness) and -40% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.34 calculated using
reshores with an infinite stiffhess.

3. The total load ratio supported by the top slab has a difference of +139% (1/3
realistic reshore stiffness), +97% (realistic stiffness) and +59% (3 x realistic

~ reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

4. The total load ratio supportéd by the middle slab has a difference of -53% (1/3
realistic reshore stiffness), -33% (realistic stiffness) and -19% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

5. The total load ratio supported by the lowest slab has a difference of -86% (1/3
realistic reshore stiffness), -64% (realistic stiffness) and -40% (3 x-realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

6. The maximum force ratio for the top level of reshores has a difference of -47%
(1/3 realistic reshore stiffness), -17% (realistic stiffness) and +1% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to the
mid-span of the corner bays (reshore locations 12, 16, 93, 97).

7. The maximum force ratio for the lowest level of reshores has a difference of -
72% (1/3 realistic reshore stiffness), -34% (realistic stiffness) and -4% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.34 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near

to the mid-span of the corner bays.

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8. The minimum force ratio for the top level of reshores has a difference of -90%
(1/3 realistic reshore stiffness), -80% (realistic stiffness) and -66% (3 x realistic
reshore stiffness) compared with the force ratio of 0.67 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns (reshore locations 40, 42, 67, 69).

9. The minimum force ratio for the lowest level of reshores has a difference of -97%
(1/3 realistic reshore stiffness), -90% (realistic stiffness) and -79% (3 x realistic
reshore stiffness) compared with the force ratio of 0.34 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns.

10. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffness) to +5% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

11. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -4% (1/3 realistic reshore
stiffness) to +9% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.

4.3.2.3 Results for 3 levels of reshores (4 supporting slabs, Table 4.2¢)

1. The average force ratio for the top level of reshores has a difference of -73% (1/3
realistic reshore stiffness), -53% (realistic stiffness) and -33% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.75 calculated using
reshores with an infinite stiffness.

2. The average force ratio for the middle level of reshores has a difference of -90%
(1/3 realistic reshore stiffness), -72% (realistic stiffness) and -47% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.50 calculated using
reshores with an infinite stiffness.

3. The average force ratio for the lowest level of reshores has a difference of -95%
(1/3 realistic reshore stiffness), -79% (realistic stiffness) and -54% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.25 calculated using

reshores with an infinite stiffness.
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4. The total load ratio supported by the top slab has a difference of +219% (1/3
realistic reshore stiffness), +159% (realisﬁc stiffness) and +100% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

5. The total load ratio supported by the middle-top slab has a difference of -39%
(1/3 realistic reshore stiffness), -16% (realistic stiffness) and -6% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

6. The total load ratio supported by the middle-lowest slab has a difference of -85%
(1/3 realistic reshore stiffness), -64% (realistic stiffness) and -41% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

7. The total load ratio supported by the lowest slab has a difference of -95% (1/3
realistic reshore stiffness), -79% (realistic stiffness) and -54% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

8. The maximum force ratio for the top level of reshores has a difference of -53%
(1/3 realistic reshore stiffness), -24% (realistic stiffness) and -3% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.75 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to the
mid-span of the corner bays (reshore locations 12, 16, 93, 97).

9. The maximum force ratio for the middle level of reshores has a difference of -
80% (1/3 realistic reshore stiffness), -47% (realistic stiffness) and -12% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.5 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near
to the mid-span of the corner bays.

10. The maximum force ratio for the lowest level of reshores has a difference of -
89% (1/3 realistic reshore stiffness), -59% (realistic stiffness) and -19% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.25 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near
to the mid-span of the corner bays.

11. The minimum force ratio for the top level of reshores has a difference of -91%

(1/3 realistic reshore stiffness), -82% (realistic stiffness) and -69% (3 x realistic
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reshore stiffness) compared with the force ratio of 0.75 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns (reshore locations 40, 42, 67, 69).

12. The minimum force ratio for the middle level of reshores has a difference of -
98% (1/3 realistic reshore stiffness), -93% (realistic stiffness) and -82% (3 x
realistic reshore stiffness) compared with the force ratio of 0.50 calculated using
reshores with an infinite stiffness. The minimum reshore forces occur near the
interior columns.

13. The minimum force ratio for the lowest level of reshores has a difference of -
100% (1/3 realistic reshore stiffness), -96% (realistic stiffness) and -86% (3 x
realistic reshore stiffness) compared with the force ratio of 0.25 calculated using
reshores with an infinite stiffness. The minimum reshore forces occur near the
interior columns.

14. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffness) to +5% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

15. The change in load carried by the middle level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -4% (1/3 realistic reshore
stiffness) to +7% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

16. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -12% (1/3 realistic reshore
stiffness) to +10% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.
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Table 4.2¢: Results for 3 bays x 3 bays, 6.5m x 9.5m bays model, 3 levels of reshores



4.3.3 Effect of reshore stiffness for the 3 bays x 3 bays, 9.5m x 9.5m

(centre bay), 6.5m x 9.5m (edge bays), 6.5m x 6.5m (corner bays)
model

The summary results for this model (Figure 4.3) are presented in Tables 4.3a to 4.3¢
shown following the text in this section. The effect of the different reshore stiffnesses when
compared with the infinitely rigid reshores for this model are summarized below.

0 ® © ®

22 500

6500 9500 6500
Q
'y
~
O . e ;
anj =8 =R ]
091 o [¢] [e] [e} o o e} o 100+
[=]
(=]
)
~N
(=]
3 o081 o o o fe] o o o ] 90
©
[=]
g g
o71 [ o ) o o o o o 80
@ 5 = & : i
| 061 Q [e] o ] o o o o 70
| (=3
l 0 §
L2}
° o051 o o <] ] o] [¢] ] o 60
g s A g
n o
m < o~
o041 o] o o Q o} o} o] o] 50
3
[l
I ]
031 o olo o o ol o s} 40
-
©); g £ & 22 —
T o021 [e] o] o o o o] o [e] 30
o o
o
2 011 [} ) [ 0 o [} o o 20
w0
(=]
(=3
e
o~
1 2 3 4 5 6 7 8 g 10
® i m 3 £
(=]
0
~
750 750 750 750 750 750
2500 2500 3000 2000 3000 2500 2500
NOTES:

— ALL DIMENSIONS IN MiLLIMETRES

— O DENOTES SHORE/RESHORE

~ [ 500 x 500 COLUMN

— —A DENOTES SECTION MARK

~ 1 DENOTES SHORE/RESHORE NUMBER

Figure 4.3: 3 bays x 3 bays, 9.5m x 9.5m (centre bay), 6.5m x 9.5m (edge bays),
6.5m x 6.5m (corner bays) model
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4.3.3.1 Results for 1 level of reshores (2 supporting slabs, Table 4.3a)

1. The average reshore force ratio has a difference of -69% (1/3 realistic reshore
stiffness), -47% (realistic stiffness) and -28% (3 x realistic reshore stiffness)
when compared with the force ratio of 0.5 calculated using reshores with an
infinite stiffness.

2. The total load ratio supported by the top slab has a difference of +69% (1/3
realistic reshore stiffness), +47% (realistic stiffness) and +28% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

3. The total load ratio supported by the lowest slab has a difference of -69% (1/3
realistic reshore stiffness), -47% (realistic stiffness) and -28% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

4. The maximum reshore force ratio has a difference of -35% (1/3 realistic reshore
stiffness), -13% (realistic stiffness) and +2% (3 x realistic reshore stiffness) when
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The maximum reshore forces occur near the mid-span of the center bay
(reshore locations 45, 46, 55, 56).

5. The minimum reshore force ratio has a difference of -89% (1/3 reaiistic reshore
stiffness), -75% (realistic stiffness) and -60% (3 x realistic reshore stiffness)
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The minimum reshore forces occur near the interior columns (reshore
locations 23, 28, 73, 78).

6. The change in load carried by the reshores due to the different stiffnesses of the
slabs (age of slabs) is between +3% (1/3 realistic reshore stiffness) to +7%
(infinite reshore stiffness) when compared to the results calculated using a

uniform stiffness for all siabs.
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4.3.3.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.3b)

1. The average force ratio for the top level of reshores has a difference of -76% (1/3
realistic reshore stiffness), -56% (realistic stiffness) and -35% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness.

2. The average force ratio for the lowest level of reshores has a difference of -90%
(1/3 realistic reshore stiffness), -72% (realistic stiffness) and -48% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.34 calculated using
reshores with an infinite stiffness.

3. The total load ratio supported by the top slab has a difference of +151% (1/3
realistic reshore stiffness), +111% (realistic stiffness) and +70% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

4. The total load ratio supported by the middle slab has a difference of -61% (1/3
realistic reshore stiffness), -39% (realistic stiffness) and -22% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

5. The total load ratio supported by the lowest slab has a difference of -90% (1/3
realistic reshore stiffness), -72% (realistic stiffness) and -48% (3 x fealistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

6. The maximum force ratio for the top level of reshores has a difference of -47%
(1/3 realistic reshore stiffness), -21% (realistic stiffness) and -6% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to the
mid-span of the corner bays (reshore locations 45, 46, 55, 56).

7. The maximum force ratio for the lowest level of reshores has a difference of -
68% (1/3 realistic reshore stiffness), -34% (realistic stiffness) and -11% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.34 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near

to the mid-span of the corner bays.
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8. The minimum force ratio for the top level of reshores has a difference of -92%
(1/3 realistic reshore stiffness), -81% (realistic stiffness) and -66% (3 x realistic
reshore stiffness) compared with the force ratio of 0.67 calculated using reshores
with an infinite stiffness. The minimum reshore forces occﬁr near the interior
columns (reshore locations 23, 28, 73, 78).

9. The minimum force ratio for the lowest level of reshores has a difference of -
100% (1/3 realistic reshore stiffness), -94% (realistic stiffness) and -77% (3 x
realistic reshore stiffness) compared with the force ratio of 0.34 calculated using
reshores with an infinite stiffness. The minimum reshore forces occur near the
interior columns.

10. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffness) to +6% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

11. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -2% (1/3 realistic reshore
stiffhess) to +9% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.

4.3.3.3 Results for 3 levels of reshores (4 supporting slabs, Table 4.3c)

1. The average force ratio for the top level of reshores has a difference of -78% (1/3
realistic reshore stiffness), -60% (realistic stiffness) and -39% (3 x realistic reshore
stiffness) when compared with the force ratio of 0.75 calculated using reshores with
an infinite stiffness.

2. The average force ratio for the middle level of reshores has a difference of -98% (1/3
realistic reshore stiffness), -73% (realistic stiffness) and -56% (3 x realistic reshore
stiffness) when compared with the force ratio of 0.50 calculated using reshores with
an infinite stiffness.

3. The average force ratio for the lowest level of reshores has a difference of -97% (1/3
realistic reshore stiffness), -85% (realistic stiffness) and -63% (3 x realistic reshore
stiffness) when compared with the force ratio of 0.25 calculated using reshores with

an infinite stiffness.
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4. The total load ratio supported by the top slab has a difference of +234% (1/3 realistic
reshore stiffness), +179% (realistic stiffness) and +118% (3 x realistic reshore
stiffness) when compared with the total load ratio of 0.25 calculated using reshores
with an infinite stiffness. '

5. The total load ratio supported by the middle-top slab has a difference of -49% (1/3
realistic reshore stiffness), -23% (realistic stiffness) and -7% (3 x realistic reshore
stiffness) when compared with the total load ratio of 0.25 calculated using reshores
with an infinite stiffness.

6. The total load ratio supported by the middle-lowest slab has a difference of -89% (1/3
realistic reshore stiffness), -71% (realistic stiffness) and -48% (3 x realistic reshore
stiffness) when compared with the total load ratio of 0.25 calculated using reshores
with an infinite stiffness.

7. The total load ratio supported by the lowest slab has a difference of -97% (1/3
realistic reshore stiffness), -85% (realistic stiffness) and -63% (3 x realistic reshore
stiffness) when compared with the total load ratio of 0.25 calculated using reshores
with an infinite stiffness.

8. The maximum force ratio for the top level of reshores has a difference of -52% (1/3
realistic reshore stiffness), -27% (realistic stiffness) and -9% (3 x realistic reshore
stiffness) when compared with the force ratio of 0.75 calculated using reshores with
an infinite stiffness. The maximum reshore forces occur near to the mid-span of the
corner bays (reshore locations 45, 46, 55, 56).

9. The maximum force ratio for the middle level of reshores has a difference of -76%
(1/3 realistic reshore stiffness), -45% (realistic stiffness) and -18% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.5 calculated using reshores
with an infinite stiffness. The maximum reshore forces occur near to the mid-span of
the corner bays.

10. The maximum force ratio for the lowest level of reshores has a difference of -86%
(1/3 realistic reshore stiffness), -55% (realistic stiffness) and -23% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.25 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to the
mid-span of the corner bays.

11. The minimum force ratio for the top level of reshores has a difference of -93% (1/3

realistic reshore stiffness), -83% (realistic stiffness) and -68% (3 x realistic reshore
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stiffness) compared with the force ratio of 0.75 calculated using reshores with an
infinite stiffness. The minimum reshore forces occur near the interior columns
(reshore locations 23, 28, 73, 78).

12. The minimum force ratio for the middle level of reshores has a difference of -100%
(1/3 realistic reshore stiffness), -96% (realistic stiffness) and -83% (3 x realistic
reshore stiffness) compared with the force ratio of 0.50 calculated using reshores with
an infinite stiffness. The minimum reshore forces occur near the interior columns.

13. The minimum force ratio for the lowest level of reshores has a difference of -101%
(1/3 realistic reshore stiffness), -100% (realistic stiffness) and -89% (3 x realistic
reshore stiffness) compared with the force ratio of 0.25 calculated using reshores with
an infinite stiffness. The minimum reshore forces occur near the interior columns.

14. The change in load carried by the top level of reshores due to the different stiffnesses
of the slabs (age of slabs) is between +2% (1/3 realistic reshore stiffness) to +5%
(infinite reshore stiffness) when compared to the results calculated using a uniform
stiffness for all slabs.

15. The change in load carried by the middle level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -5% (1/3 realistic reshore stiffness) to
+7% (infinite reshore stiffness) when compared to the results calculated using a
uniform stiffness for all slabs. .

16. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -13% (1/3 realistic reshore stiffness)
to +10% (infinite reshore stiffness) when compared to the results calculated using a

uniform stiffness for all slabs.
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3x3 Bays, 8.5m x 9.5m (centre bay}, 6.5m x 9.5m {edpe bays), 6.5m x 6.5m (corner bays), 1 Level of Reshores

Reshore Stiffness 1/3 x Realistic Realistic 3 x Realistic tnfinite
N %0iff. | Realistic [ % Diff. | Realistic | % Diff. % Diff. { Realistic | % Diff. | Realisti % Diff. % Diff. | Realistic iff. alisti % . istil % Diff. isti % Diff.
Slab Relative Stiffness 190 | ofinite fi38daysi) 100 | (7 days) | 1.0 190 | infinite |@5daysy] 100 | daxsc) “ 5% 100 | e |i38dags %130 Pt vl I ?;a::m /'13': e | ao0
Max. 032 3 034 Z 033 3 04a 3 04 3 045 |4 KL 7 052 | 5 | 053 2
Reshore Load Win, 0% £ 005 D 005 ] KK} 75 o3 3 013 ] 020 0 031 5 020 3 050 053 7 053 5
° Ava. 016 ) 096 3 016 7 536 7 ¥ 3 037 3 0% 27 638 5 038 )
Max. GES) 5 055 - 0 (ES ] 087 75 087 ] 087 ] 080 50 078 T T 0% q
Top $1ap Load Win. 068 066 2 067 3 056 3 05 P 055 3 048 2 046 % 047 2 050 047 7 047 5
Total 384 ] 084 q 08 0 074 a7 072 ) 073 i 064 37 062 3 662 3
Max, 032 5 X r3 0733 3 04 3 0% G 045 2 051 7 054 5 053 G
?_‘;';:"::‘: Min. 005 5] 005 0 005 [ 013 75 013 3 013 Z 020 50 021 5 0.20 3 050 053 7 053 5
Total .16 ) 0,16 3 016 2 626 7 0 2 027 3 0% 7 038 5 K] 2
Table 4.3a: Resuits for 3 bays x 3 bays, 9.5m x 9.5m (centre bay), 6.5m x 9.5m (edge bays), 6.5m x 6.5m (corner bays) model, 1 level of Reshores
3x3 Bays, 9.5m x 9.5m (centre bay), 6.5m x 9.5m (edge bays), 6.5m x 6.5m {corner bays), 2 Levels of Reshores
Reshore Stiffness — 113 x Realistic Realistic 3 x Realistic Infinite ]
Stoh Rolative Sifinees w00 | WDW. | Realistic | %O | Reastc | %GM. |- | %O | Realisiic | %I | Reaustic | %Of. | | %DM | Reaiistic | %Dl | Realatc | %OM. | ;oo | Realsic | %D | Reatistc | %O,
Infinite ‘3.5 daxs] 1.00 7 day 1.00 115 dagsl 1.00 7 days. 1.00 Infinite 3.5 days 1.00 7 d; 1.00 3.5 da 1.00 7 days! 1.00
= Max. 036 | 47 037 | 3 | 0% 2 053 055 (O I 063 5 066 5 L e { -
nga o Rt Min. 005 @ 005 7 0.05 [ 613 013 H 013 i 023 & 024 3 (¥ 7 067 070 5 069 4
Avg. 676 75 037 3 017 7 530 030 3 030 2 043 % 545 2 045 3
Wax. o1 &8 CEE 2 01 g 022 0% 2 022 7 030 EE 032 7 GEX] }
o e “Win, 000 00 000 &5 000 53 ([ 602 3 002 5 008 77 008 3 008 3 033 03 9 035 6
D, 005 % 003 ] 003 3 509 0.08 0 005 [} 017 45 018 ] 018 3
Max., 055 3 055 3 055 5 057 T ] 087 0 587 ] 077 737 076 7 076 7
Top Slan Load Win, 06 % 053 3 064 3 a7 r7) 545 Z T 3 037 2 034 3 000 [ 6| om 030 1 031 8
° Total 084 751 085 ] [X5) (] 070 7T 070 K 570 5 057 70 055 3 655 Z
) Max 0725 % 0265 5 0% 7 LK ] 032 3 032 3 0% E 038 5 038 r)
Middlo S e Min, 005 £ 005 7 005 7 510 59 GKE ) 010 3 015 =) 076 3 016 |2 033 o z 034 2
Total 073 B 013 7 CEE] 3 570 39 [} 2 621 3 076 7] 027 ] 627 3
Max XK ) XK 2 XK 7 022 A 053 2 022 B 050 Bj 532 7 CEX 3
e in. 000 | 00 | 000 55 000 3 002 E7] 002 13 002 ) 08 7 008 7 008 7 033 3% s 035 6
Total 003 0 603 E 003 3 509 72 009 ] 008 0 077 28 018 7 OXE 2

Table 4.3b: Results for 3 bays x 3 bays, 9.5m x 9.5m (centre bay), 6.5m x 9.3m (edge bays), 6.5m

X 6.5m (corner bays) model, 2 Levels of Reshores
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3x3 Bays, 9.6m x 9.5m (centre bay), 6.56m x 9.5m (edge bays), 6.5m x 6.5m (corner bays), 3 Levels of Reshores

Reshore Stifiness 413 x Realistic Realistic — 3 x Realistic infinite
N . % Diff. Realistic % Diff. Realistic % Diff. % Diff. Realistic % Diff. - | Realistic % Diff. % Diff. Reatistic % Diff. Realisti “ 3 Realistic % Diff. listic % Diff.
Slab Relative Stiffness 100 | i |3says)| 100 | (7 dars .130 100 | yofinite |(3.5daysi] 100 | (7days) | 1.00 100 | iie lasgapel] 100 | 07 gmes "2.'3': 100 )35 days /.1.00 R::a s | 100
Thax. : 52 037 7 o3 1 2 1 05 051 3 056 7 (3 3 (X 0 070 | 3 . ]
Tf:a o Ratio [ win. 0.05 53 005 i 005 i 013 E:5) 013 Fl 013 1 024 58 024 3 024 2 075 078 5 07 3
Aoy, 016 75 57 Z 017 7 530 £ L 3 KL 7 548 35 547 3 047 7
- Wan. 12 i o 3 K7 3 057 =5 078 7 07 7 AT 78 04 3 T4z 3
Middle Rosho Min, 060 | 100 | 000 25 00 2 002 % 002 5 002 T 609 E7] 005 2 0.05 E] 050 054 7 05 5
Avp. (1] 5 003 3 003 3 KR 75 o1 2 0 T 023 % 3] 7 F7) T
Wax, 004 T ] =1 005 3 XK 55 K 5 0T T 619 EE) 5.2 3 020 7]
o o Min. 000 01 000 3 000 3 000 60 (L) 80 000 % 003 ) 002 2 002 10 025 027 g 027 7
oad Ratle Ava. ] 57 qo 3 ot 3 604 55 003 % 008 ry 08 =) 555 ) 505 5
Wax [ L] (ES) 3 0% g 087 73 TE7 0 CE 5 076 705 576 T 076 =]
To Siab Load Vi, 064 % | 063 | 06 7 045 & 043 2 044 3 032 % 0.8 3 030 F 025 022 14 0z 10
e Total 054 74 083 0 083 4 070 778 069 3 068 7 G55 718 553 3 053 3
- 1 Wax, ¥ ) 075 3 3 7 078 o 075 5 025 3 [k £ K3 7 035 3
e R o Win, 005 75 005 ] 005 7 070 B 070 Z; 010 3 014 5 014 2 K] 2 025 0.25 1 025 0
Total 013 ) 513 3 013 3 079 ) 020 5 020 7 023 7 07 5 074 3
X Wan 006 57 08 0 005 7 076 = o7 3 016 3 F7] 53 FE 7 (7] 3
eibptovisid Win. 000 | 00 ] 000 | 107 000 78 002 7] 002 § [ 3 006 77 006 2 006 i 025 026 5 02 3
Towl 063 5 003 3 003 7 007 7 o7 5 007 o 013 P 873 3 013 7
War. T04 3 003 S5 503 3 oIt = o = 5T = 519 s ) 5 020 7
Bottom S [ 000 | 67 000 3 500 3 550 700 0,00 780 T 3% 003 ] 002 KT 502 0 025 027 g 027 7
Total 001 57 001 13 001 5 054 3 003 3 003 3 5,05 ) 00 0 008 o

Table 4.3¢: Results for 3 bays x 3 bays, 9.5m x 9.5m (centre bay), 6.5m x 9.5m (edge bays), 6.5m x 6.5m (corner bays) model, 3 Levels of Reshore

F0%




4.3.4 KEffect of reshore stiffness for the 2 bays x 2 bays, 9.5m x 9.5m bays
model

The summary results for this model (Figure 4.4) are presented in Tables 4.4a to 4.4c
shown following the text in this section. The effect of the different reshore stiffnesses when

compared with the infinitely rigid reshores for this model are summarized below.
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Figure 4.4: 2 bays x 2 bays, 9.5m x 9.5m bays model
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4.3.4.1Results for 1 level of reshores (2 supporting slabs, Table 4.4a)

1.

The average reshore force ratio has a difference of -49% (1/3 realistic reshore
stiffness), -29% (realistic stiffness) and -19% (3 x realistic reshore stiffness)
when compared with the force ratio of 0.5 calculated using reshores with an
infinite stiffness.

The total load ratio supported by the top slab has a difference of +49% (1/3
realistic reshore stiffness), +29% (realistic stiffness) and +19% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

The total load ratio supported by the lowest slab has a difference of -49% (1/3
realistic reshore stiffness), -29% (realistic stiffness) and -19% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.5 calculated using
reshores with an infinite stiffness.

The maximum reshore force ratio has a difference of -27% (1/3 realistic reshore
stiffness), -2% (realistic stiffness) and +6% (3 x realistic reshore stiffness) when
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The maximum reshore forces occur near the interior edge (short
dimension) and near the mid-span (long dimension) of the corner bays (reshore
locations 10, 15, 50, 55). ‘

The minimum reshore force ratio has a difference of -84% (1/3 realistic reshore
stiffness), -75% (realistic stiffness) and -62% (3 x realistic reshore stiffness)
compared with the force ratio of 0.5 calculated using reshores with an infinite
stiffness. The minimum reshore forces occur near the interior columns (reshore
locations 28, 29, 36, 37).

The change in load carried by the reshores due to the different stiffnesses of the
slabs (age of slabs) is between +3% (1/3 realistic reshore stiffness) to +7%
(infinite reshore stiffness) when compared to the results calculated using a

uniform stiffness for all slabs.
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4.3.4.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.4b)

1.

The average force ratio for the top level of reshores has a difference of -58% (1/3
realistic reshore stiffness), -36% (realistic stiffness) and -21% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.67 calculated using
reshores with an infinite stiffness.

The average force ratio for the lowest level of reshores has a difference of -75%
(1/3 realistic reshore stiffness), -49% (realistic stiffness) and -29% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.34 calculated using
reshores with an infinite stiffness.

The total load ratio supported by the top slab has a difference of +115% (1/3
realistic reshore stiffness), +73% (realistic stiffness) and +42% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

The total load ratio supportéd by the middle slab has a difference of -40% (1/3
realistic reshore stiffness), -24% (realistic stiffness) and -14% (3 x realistic

reshore stiffness) when compared with the total load ratio of 0.34 calculated using

reshores with an infinite stiffhess.

The total load ratio supported by the lowest slab has a difference of -75% (1/3
realistic reshore stiffness), -49% (realistic stiffness) and -29% (3 x.realistic
reshore stiffness) when compared with the total load ratio of 0.34 calculated using
reshores with an infinite stiffness.

The maximum force ratio for the top level of reshores has a difference of -39%
(1/3 realistic reshore stiffness), -11% (realistic stiffness) and +4% (3 x realistic

reshore stiffness) when compared with the force ratio of 0.67 calculated using

- reshores with an infinite stiffness. The maximum reshore forces occur near to the

mid-span of the corner bays (reshore locations 45, 46, 55, 56).

The maximum force ratio for the lowest level of reshores has a difference of -
63% (1/3 realistic reshore stiffness), -25% (realistic stiffness) and +1% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.34 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near

to the mid-span of the corner bays.
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8. The minimum force ratio for the top level of reshores has a difference of -87%
(1/3 realistic reshore stiffness), -78% (realistic stiffness) and -67% (3 x realistic
reshore stiffneés) compared with the force ratio of 0.67 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns (reshore locations 28, 29, 36, 37).

9. The minimum force ratio for the lowest level of reshores has a difference of -93%
(1/3 realistic reshore stiffness), -86% (realistic stiffness) and -78% (3 x realistic
reshore stiffness) compared with the force ratio of 0.34 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns.

10. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffness) to +6% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

11. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -2% (1/3 realistic reshore
stiffness) to +9% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.

4.3.4.3Results for 3 levels of reshores (4 supporting slabs, Table 4.4¢)

1. The average force ratio for the top level of reshores has a difference of -62% (1/3
realistic reshore stiffness), -41% (realistic stiffness) and -24% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.75 calculated using
reshores with an infinite stiffness.

2. The average force ratio for the middle level of reshores has a difference of -82%
(173 realistic reshore stiffness), -57% (realistic stiffness) and -35% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.50 calculated using
reshores with an infinite stiffness.

3. The average force ratio for the lowest level of reshores has a difference of -89%
(1/3 realistic reshore stiffness), -65% (realistic stiffness) and -40% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.25 calculated using

reshores with an infinite stiffness.
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4. The total load ratio supported by the top slab has a difference of +186% (1/3
realistic reshore stiffﬁess), +123% (realistic stiffness) and +73% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

5. The total load ratio supported by the middle-top slab has a difference of -23%
(1/3 realistic reshore stiffness), -8% (realistic stiffness) and -4% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

6. The total load ratio supported by the middle-lowest slab has a difference of -74%
(1/3 realistic reshore stiffness), -50% (realistic stiffness) and -30% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

7. The total load ratio supported by the lowest slab has a difference of -89% (1/3
realistic reshore stiffness), -65% (realistic stiffness) and -40% (3 x realistic
reshore stiffness) when compared with the total load ratio of 0.25 calculated using
reshores with an infinite stiffness.

8. The maximum force ratio for the top level of reshores has a difference of -46%
(1/3 realistic reshore stiffhess), -18% (realistic stiffness) and -0% (3 x realistic
reshore stiffness) when compared with the force ratio of 0.75 calculated using
reshores with an infinite stiffness. The maximum reshore forces occur near to the
mid-span of the corner bays (reshore locations 45, 46, 55, 56).

9. The maximum force ratio for the middle level of reshores has a difference of -
73% (1/3 realistic reshore stiffness), -37% (realistic stiffness) and -6% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.5 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near
to the mid-span of the corner bays.

10. The maximum force ratio for the lowest level of reshores has a difference of -
84% (1/3 realistic reshore stiffness), -49% (realistic stiffness) and -11% (3 x
realistic reshore stiffness) when compared with the force ratio of 0.25 calculated
using reshores with an infinite stiffness. The maximum reshore forces occur near
to the mid-span of the corner bays.

11. The minimum force ratio for the top level of reshores has a difference of -95%

(1/3 realistic reshore stiffness), -88% (realistic stiffness) and -80% (3 x realistic
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reshore stiffness) compared with the force ratio of 0.75 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns (reshore locations 28, 29, 36, 37). |

12. The minimum force ratio for the middle level of reshores has a difference of -
97% (1/3 realistic reshore stiffness), -90% (realistic stiffness) and -81% (3 x
realistic reshore stiffness) compared with the force ratio of 0.50 calculated using

reshores with an infinite stiffness. The minimum reshore forces occur near the
interior columns.

13. The minimum force ratio for the lowest level of reshores has a difference of -97%
(1/3 realistic reshore stiffness), -90% (realistic stiffness) and -83% (3 x realistic
reshore stiffness) compared with the force ratio of 0.25 calculated using reshores
with an infinite stiffness. The minimum reshore forces occur near the interior
columns.

14. The change in load carried by the top level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between +2% (1/3 realistic reshore
stiffness) to +5% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

15. The change in load carried by the middle level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -3% (1/3 realistic reshore
stiffness) to +5% (infinite reshore stiffness) when compared to the results
calculated using a uniform stiffness for all slabs.

16. The change in load carried by the lowest level of reshores due to the different
stiffnesses of the slabs (age of slabs) is between -10% (1/3 realistic reshore
stiffness) to +7% (infinite reshore stiffness) when compared to the results

calculated using a uniform stiffness for all slabs.
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2x2 Bays, 9.5m x 9.5m, 1 Level of Reshores
Reshore Stiffness 1/3 x Realistic . Realistic 3 x Realistic Infinite
Slab Relative Stiffness 1.00 % Dlﬁ Realistic | % Diff. { Realistic | % Diff. 1.00 % Diff. ! Realistic { % Diff. | Realistic | % Diff. 1.00 % Diff. | Realistic | % Dif#t. | Realistic | % Diff. 1.00 Realistic { % Diff. | Realistic | % Diff.
finite 3.5 d; K 1. if . S| 00 7 K ini! .. K K X K R
TR A A T O 0 N N S O N I R -1 T IO A B -2 e e
hore Load Win. 008 £ 008 a 008 3 013 75 013 ] 013 3 019 52 020 7 020 3 050 053 7 0853 5
Ay, 076 £ 027 3 076 3 0.3 ] 038 3 037 7] 042 a7 044 3 044 5
W, 062 23 067 3 GEA 0 087 75 087 5l 087 o 061 52 080 K] G ]
Top siab Load Win. 063 %7 062 2 052 2 051 2 048 3 049 Z 047 3 043 K] 0 3 050 047 7 047 5
° Total 674 ] 073 K 074 I 064 28 062 3 083 2 058 77 056 4 056 3
Wax, [EG 7 038 I 3 049 =] 052 G 05 3 053 G 057 7 0% 5
By, Win. 008 ) 0.08 7] 008 3 013 75 XE] 7] 013 3 513 w2 020 3 RF) 3 050 053 7 053 5
Total 0% E) 027 7 076 3 0% 75 038 5 037 ) 042 7 044 B 044 5
Table 4.4a: Results for 2 bays x 2 bays, 9.5m x 9.5m bays model, 1 level of reshores
2x2 Bays, 9.5m x 9.5m, 2 Levels of Reshores
Reshore Stitfness 413 x Realistic - Realistic e 3 x Realistic Infinite
- % Diff. Realistic % Diff. Realistic % Diff. % Diff. Realistic % Diff. Realistic % Diff. % Diff. Realistic % Diff. Realistic % Diff. Realisti % Diff. Realistic % Diff.
Slab Relative Stiffness 190 | iofinite |{35days)] 1.00 ! (7eays) | 100 100 | iofinite |(3.5days)] 1,00 days) | 100 100 1 inrinite | (3.8 da 100 | (7ams /;‘oo 100 | e 200 | (roags | 100
Max. 040 9 042 |3 1 o041 2 050 =D 062 4 061 3 OES 0 072 5 07, ] A
’f; Rt Min. 009 &7 009 7 000 7 015 78 G156 3 015 2 022 57 023 3 023 3 067 070 5 069 4
Ava, 028 ) 02 [, 3 G F] 042 % 044 73 044 3 053 o] 055 5 054 3
Wax, XV o) 012 3 012 3 FS 5 0% 7 026 7 K] 7 0% 7 0% 5
5":_':"“, Ratio Min. 002 ER) 002 K] 002 K] 005 85 005 3 005 7 007 78 008 5 0.08 3 033 035 g 035 &
ac e v, 008 75 008 2 008 g 017 i 078 3 017 2 674 % 075 3 0% 3
Wax. CER 73 GEL] 0 GED 0 065 E3 055 5 085 ) 578 T4 577 5] 077 5
Top z":? Load Win. 060 73 058 ] 058 B 041 57 GES] 3 [ES ] 031 7 028 B 028 3 033 030 1 021 8
ate Total 572 i o7 1 671 q 056 73 0% 3 056 2 047 [ 045 % 046 ]
- Wax. 028 T8 029 5 0l 7 0% 3 0% 7 035 3 T 5 CES 3 CES 3
Riddle Siab Win, 007 £ oo 3 007 3 010 7 070 3 070 F 016 £ 075 3 15 2 032 034 2 0 2
Total 020 P 020 7] [H] 3 025 ] 0% 2 [P 3 020 KT] 030 3 530 3
War. 012 = 572 Z 0.12 T 075 i3 0% 3 0% 7 K] 7 036 7 [ES 5
O s Min, o2 E3) 002 K 002 3 6,05 £ 005 3 005 2 057 78 008 3 008 3 033 036 s 035 6
Total 008 75 508 2 008 K 017 25 018 3 017 7 024 ] 075 3 0% ]

Table 4.4b: Results for 2 bays x 2 bays, 9.5m x 9.5m bays model, 2 levels of reshores
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2x2 Bays, 9.5m x 9.5m, 3 Levels of R
Reshore Stiffness 113 x Realistic Realistic 3 x Realistic Infinite
N %% Diff. Realistic % Diff. Reatistic % Diff. % Ditt. Realistic % Diff. Realistic % Diff. % Diff. ealistit % A isti % Diff. istic % Diff. isti % Dif.
Stab Relative Stiffness 199 | infinite |38 days)l 100 | @7 days) | 1.0 190 | wnfinite |(5daysi] 100 | @ days) /;,oo 100 | infinite :s d:‘ : “13:' Rnp :Tx:: /1 .%: 1.00 g?::,s, /"13;' Rpe ::s;sm) /130

" Wan. 041 26 042 2 042 2 067 18 064 3 063 7 075 | 0 | 078 a 077 3

105 Rashor Win. 008 5 009 2 003 P 05 80 016 3 075 3 023 9 024 3 074 2 075 078 1 078 3
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Results for 2 bays x 2 bays, 9.5m x 9.5m bays model, 3 levels of reshores

Table 4.4c:




4.3.5 Effect of bay sizes and aspect ratios for 1/3 x realistic reshore
stiffness

The summary results for this reshore stiffness for the different models are presented
in Tables 4.5a to 4.5¢ below The effect of the different bay sizes and aspect ratios of models

when compared with the 3 bays x 3 bays, 9.5m x 9.5m bays model are summarized below.

4.3.5.1 Results for 1 level of reshores (2 supporting slabs, Table 4.5a)
1. The average reshore force ratio has a difference of -23% (3 x 3 bays, 6.5m x 9.5m
| bays), -37% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m bays) and +4%
(2 x 2 bays, 9.5m x 9.5m) when compared with the force ratio of 0.25 for the 3 x
3 bays, 9.5m x 9.5m model. |

2. The total load ratio supported by the top slab has a difference of +8% (3 x 3 bays,
6.5m x 9.5m bays), +12% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m
bays) and -1% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load ratio
0.75 for the 3 x 3 bays, 9.5m x 9.5m model.

3. The total load ratio supported by the lowest slab has a difference of -23% (3 x 3
bays, 6.5m x 9.5m bays), -37% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +4% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.25 for the 3 x 3 bays, 9.5m x 9.5m model.

4.3.5.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.5b)

1. The average force ratio for the top level of reshores has a difference of -25% (3 x
3 bays, 6.5m x 9.5m bays), -39% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +5% (2 x 2 bays, 9.5m x 9.5m) when compared with the force
ratio of 0.27 for the 3 x 3 bays, 9.5m x 9.5m model.

2. The average force ratio for the lowest level of reshores has a difference of -39%
(3 x 3 bays, 6.5m x 9.5m bays), -56% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +8% (2 x 2 bays, 9.5m x 9.5m) when compared with the
force ratio of 0.08 for the 3 x 3 bays, 9.5m x 9.5m model.

3. The total load ratio supported by the top slab has a difference of +9% (3 x 3 bays,
6.5m x 9.5m bays), +15% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m
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4.

5.

bays) and -2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load ratio
0.73 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the middle slab has a difference of -19% (3 x 3
bays, 6.5m x 9.5m bays), -33% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +3% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.19 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the lowest slab has a difference of -39% (3 x 3
bays, 6.5m x 9.5m bays), -56% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +8% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.08 for the 3 x 3 bays, 9.5m x@.Sm model.

Results for 3 levels of reshores (4 supporting slabs, Table 4.5¢)

1.

The average force ratio for the top level of reshores has a difference of -25% (3 x
3 bays, 6.5m x 9.5m bays), -40% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +5% (2 x 2 bays, 9.5m x 9.5m) when compared with the force
ratio of 0.27 for the 3 x 3 bays, 9.5m x 9.5m model.

The average force ratio for the middle level of reshores has a difference of -41%
(3 x 3 bays, 6.5m x 9.5m bays), -58% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +9% (2 x 2 bays, 9.5m x 9.5m) when compéred with the
force ratio of 0.08 for the 3 x 3 bays, 9.5m x 9.5m model.

The average force ratio for the lowest level of reshores has a difference of -51%
(3 x 3 bays, 6.5m x 9.5m bays), -66% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and -12% (2 x 2 bays, 9.5m x 9.5m) when compared with the .
force ratio of 0.02 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the top slab has a difference of +10% (3 x 3
bays, 6.5m x 9.5m bays), +15% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and -2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.73 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the middle-top slab has a difference of -18% @3
x 3 bays, 6.5m x 9.5m bays), -32% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m
X 6.5m bays) and +3% (2 x 2 bays, 9.5m x 9.5m) when compared with a total
load ratio 0.19 for the 3 x 3 bays, 9.5m x 9.5m model.
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6. The total load ratio supported by the middle-lowest slab has a difference of -37%
(3 x 3 bays, 6.5m x 9.5m bays),.-54% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +8% (2 x 2 bays, 9.5m x 9.5m) when compared with a
total load ratio 0.06 for the 3 x 3 bays, 9.5m x 9.5m model.

7. The total load ratio supported by the lowest slab has a difference of -51% (3 x 3
bays, 6.5m x 9.5m bays), -65% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +12% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.02 for the 3 x 3 bays, 9.5m x 9.5m model.
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Table 4.5¢: Results for different models, 1/3 x realistic reshore stiffness, 3 levels of reshores
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4.3.6 Effect of bay Sizes and aspect ratios for realistic reshore stiffness

The summary results for this reshore stiffness for the different models are presented
in Tables 4.6a to 4.6¢ below The effect of the different bay sizes and aspect ratios of models

when compared with the 3 bays x 3 bays, 9.5m x 9.5m bays model are summarized below.

4.3.6.1 Results for 1 level of reshores (2 supporting slabs, Table 4.6a)

1. The average reshore force ratio has a difference of -14% (3 x 3 bays, 6.5m x 9.5m
bays), -24% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m bays) and +2%
(2 x 2 bays, 9.5m x 9.5m) when compared with the force ratio of 0.35 for the 3 x
3 bays, 9.5m x 9.5m model. ,

2. The total load ratio supported by the top slab has a difference of +7% (3 x 3 bays,
6.5m x 9.5m bays), +13% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m
bays) and -1% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load ratio
0.65 for the 3 x 3 bays, 9.5m x 9.5m model.

3. The total load ratio supported by the lowest slab has a difference of -14% (3 x 3
bays, 6.5m x 9.5m bays), -24% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.35 forthe 3 x 3 bays, 9.5m x 9.5m model. '

4.3.6.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.6b)

1. The average force ratio for the top level of reshores has a difference of -17% (3 x
3 bays, 6.5m x 9.5m bays), -29% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +3% (2 x 2 bays, 9.5m x 9.5m) when compared with the force
ratio of 0.41 for the 3 x 3 bays, 9.5m x 9.5m model.

2. The average force ratio for the lowest level of reshores has a difference of -26%
(3 x 3 bays, 6.5m x 9.5m bays), -43% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +4% (2 x 2 bays, 9.5m x 9.5m) when compared with the
force ratio of 0.16 for the 3 x 3 bays, 9.5m x 9.5m model.

3. The total load ratio supported by the top slab has a difference of +12% (3 x 3
bays, 6.5m x 9.5m bays), +20% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
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6.5m bays) and -2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.59 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the middle slab has a difference of -11% (3 x 3
bays, 6.5m x 9.5m bays), -19% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +1% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.25 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the lowest slab has a difference of -26% (3 x 3
bays, 6.5m x 9.5m bays), -43% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +4% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.16 for the 3 x 3 bays, 9.5m x 9.5m model. -

4.3.6.3Results for 3 levels of reshores (4 supporting slabs, Table 4.6¢)

l.

The average force ratio for the top level of reshores has a difference of -18% (3 x

3 bays, 6.5m x 9.5m bays), -30% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x

6.5m bays) and +3% (2 x 2 bays, 9.5m x 9.5m) when compared with the force
ratio of 0.43 for the 3 x 3 bays, 9.5m x 9.5m model.

The average force ratio for the middle level of reshores has a difference of -30%
(3 x 3 bays, 6.5m x 9.5m bays), -46% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +5% (2 x 2 bays, 9.5m x 9.5m) when compéred with the
force ratio of 0.20 for the 3 x 3 bays, 9.5m x 9.5m model.

The average force ratio for the lowest level of reshores has a difference of -36%
(3 x 3 bays, 6.5m x 9.5m bays), -55% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and -7% (2 x 2 bays, 9.5m x 9.5m) when compared with the
force ratio of 0.08 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the top slab has a difference of +14% (3 x 3
bays, 6.5m x 9.5m bays), +23% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and -2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.57 for the 3 x 3 bays, 9.5m x 9.5m model.

. The total load ratio supported by the middle-top slab has a difference of -8% (3 x

3 bays, 6.5m x 9.5m bays), -15% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +1% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.23 for the 3 x 3 bays, 9.5m x 9.5m model.
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6. The total load ratio supported by the middle-lowest slab has a difference of -25%
(3 x 3 bays, 6.5m x 9.5m bays), -41% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +4% (2 x 2 bays, 9.5m x 9.5m) when compared with a
total load ratio 0.12 for the 3 x 3 bays, 9.5m x 9.5m model.

7. The total load ratio supported by the lowest slab has a difference of -36% (3 x 3
bays, 6.5m x 9.5m bays), -55% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +7% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.08 for the 3 x 3 bays, 9.5m x 9.5m model.
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Table 4.6¢: Results for different models, realistic reshore stiffness, 3 levels of reshores




4.3.7 Effect of bay sizes and aspect ratios for 3 x realistic reshore stiffness

The summary results for this reshore ‘stiffness for the different models are presented in
Tables 4.7a to 4.7c below The effect of the different bay sizes and aspect ratios of models

when compared with the 3 bays x 3 bays, 9.5m x 9.5m bays model are summarized below.

4.3.7.1 Results for 1 level of reshores (2 supporting slabs, Table 4.7a)

1. The average reshore force ratio has a difference of -7% (3 x 3 bays, 6.5m x 9.5m
bays), -12% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m bays) and +1%
(2 x 2 bays, 9.5m x 9.5m) when compared with the force ratio of 0.41 for the 3 x
3 bays, 9.5m x 9.5m model.

2. The total load ratio supported by the top slab has a difference of +5% (3 x 3 bays,
6.5m x 9.5m bays), +9% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m
bays) and 0% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load ratio
0.59 for the 3 x 3 bays, 9.5m x 9.5m model.

3. The total load ratio supported by the lowest slab has a difference of -7% (3 x 3
bays, 6.5m x 9.5m bays), -12% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +1% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.41 for the 3 x 3 bays, 9.5m x 9.5m model. '

4.3.7.2 Results for 2 levels of reshores (3 supporting slabs, Table 4.7b)

1. The average force ratio for the top level of reshores has a difference of -9% (3 x 3
bays, 6.5m x 9.5m bays), -17% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +1% (2 x 2 bays, 9.5m x 9.5m) when compared with the force
ratio of 0.52 for the 3 x 3 bays, 9.5m x 9.5m model.

2. The average force ratio for the lowest level of reshores has a difference of -15%
(3 x 3 bays, 6.5m x 9.5m bays), -26% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +2% (2 x 2 bays, 9.5m x 9.5m) when compared with the
force ratio of 0.23 for the 3 x 3 bays, 9.5m x 9.5m model.

3. The total load ratio supported by the top slab has a difference of +10% (3 x 3
bays, 6.5m x 9.5m bays), +18% (3 x 3 bays, 9.5mx9.5m, 6.5mx 9.5m, 6.5m x
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6.5m bays) and -1% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.48 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the middle slab has a difference of -5% (3 x 3
bays, 6.5m x 9.5m bays), -9% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +0% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.29 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the lowest slab has a difference of -15% (3 x 3
bays, 6.5m x 9.5m bays), -26% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.23 for the 3 x 3 bays, 9.5m x 9.5m model.

4.3.7.3Results for 3 levels of reshores (4 supporting slabs, Table 4.7¢)

1.

The average force ratio for the top level of reshores has a difference of -11% (3 x
3 bays, 6.5m x 9.5m bays), -19% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +1% (2 x 2 bays, 9.5m x 9.5m) when compared with the force
ratio of 0.56 for the 3 x 3 bays, 9.5m x 9.5m model.

The average force ’ratio for the middle level of reshores has a difference of -18%
(3 x 3 bays, 6.5m x 9.5m bays), -31% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +2% (2 x 2 bays, 9.5m x 9.5m) when compéred with the
force ratio of 0.32 for the 3 x 3 bays, 9.5m x 9.5m model.

The average force ratio for the lowest level of reshores has a difference of -22%
(3 x 3 bays, 6.5m x 9.5m bays), -37% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and -2% (2 x 2 bays, 9.5m x 9.5m) when compared with the
force ratio of 0.15 for the 3 x 3 bays, 9.5m x 9.5m model.

The total load ratio supported by the top slab has a difference of +14% (3 x 3
bays, 6.5m x 9.5m bays), +24% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and -2% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.44 for the 3 x 3 bays, 9.5m x 9.5m model. ’

The total load ratio supported by the middle-top slab has a difference of -2% (3 x
3 bays, 6.5m x 9.5m bays), -3% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and 0% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.24 for the 3 x 3 bays, 9.5m x 9.5m model.
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6. The total load ratio supported by the middle-lowest slab has a difference of -14%
(3 x 3 bays, 6.5m x 9.5m bays), -25% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m,
6.5m x 6.5m bays) and +2% (2 x 2 bays, 9.5m x 9.5m) when compared with a
total load ratio 0.17 for the 3 x 3 bays, 9.5m x 9.5m model.

7. The total load ratio supported by the lowest slab has a difference of -22% (3 x 3
bays, 6.5m x 9.5m bays), -37% (3 x 3 bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x
6.5m bays) and +3% (2 x 2 bays, 9.5m x 9.5m) when compared with a total load
ratio 0.15 for the 3 x 3 bays, 9.5m x 9.5m model.
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Table 4.7¢: Results for different models, 3 x realistic reshore stiffness, 3 levels of reshores




4.3.8 Effect of bay sizes and aspect ratios for infinite reshore stiffness

The summary results for this reshore stiffness for the different models are presented in
Tables 4.8a to 4.9¢ below The effect of the different bay sizes and aspect ratios of models

when compared with the 3 bays x 3 bays, 9.5m x 9.5m bays model are summarized below.

4.3.8.1 Results for 1, 2 and 3 levels of reshores (2, 3 and 4 supporting
slabs, Tables 4.8a, 4.8b and 4.8c, respectively)

1. The average reshore force ratios are identical when comparing the results
calculated using an infinite reshore stiffness for all models. Any differences
shown in the table below are attributed to mathematical errors.

2. The total slab force ratios are identical when comparing the results calculated
using an infinite reshore stiffness for all models. Any differences shown in the

table below are attributed to arithmetic round off.
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" N Realistic | % Ditf. | Realistic { % Diff. o Realistic Ny Realistic . ] Realistic y Realistic . Ny Realistic " Realistic |,, ..
Slab Relative Stitfness 190 | Cuayat| 100 | (2 das 100 100 %DM U] s g gayey | %O (] (7 gy [%0M (0] 100 bty o0 O o] LS [ i ] 100 fwoitt (] 000 Fo ot en] (PRI ooy
Max,
Reshore Load Win. 050 053 7 053 5 050 0 053 0 053 5 080 o 0%3 0 053 5 050 0 053 0 053 5
Avg.
Max.
Top $iab Load Wi, 050 | 047 b 047 5 050 0 047 0 047 5 050 0 047 0 0a7 5 050 ) 047 ) 047 5
Total
" Max.
Bottom Stab Min., 050 053 7 053 5 050 0 053 0 053 5 050 0 053 [ 063 [ 050 0 053 0 053 5
Load Ratio
Total
Table 4.8a: Results for different models, infinite reshore stiffness, 1 level of reshores
Infinite Reshore Stiffness, 2 Levels of Reshores
Reshore Stiftness 3x3 Bays, 9.5m x 9.5m (1) 3x3 Bays, 6.5m x 9.5m 3x3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m 2x2 Bays, 3.5m x 8.5m
. . .| Realistic | % Diff. | Realistic | % Ditf. o N Realistic |, . Realistic {,, . y Realistic |, . Realistic . . Realistic N Realistic
Slab Refative Stitfness 100 | o el 100 | 07 dave 100 100 | Dift () Can | %0 ] ooy [Romm] 1o dwommf S50 lwoi o] e [ ot m] 100 fouoin ] JSEEVE oo | TS [ o (1)
Max. {Zdays), . {7 days}
Top Reshore Win. 067 om 5 070 4 067 E 070 R 069 4 067 A 070 N 069 A 067 , 070 B 069 4
Load Ratio
Avg,
o Max.
‘ Win. 034 037 9 036 6 033 A 036 -4 035 Kl 023 Kl 036 A 035 -4 033 Bl 036 1 035 B
Load Ratio
Avg.
. Max.
Top $i2b Lead Win, oM | ox Rh o3 8 03 2 03 2 03 2 03 2 030 2 R 2 03 2 030 2 03 2
Total
. Max.
Wiadle Slab Win, 034 03 2 034 2 033 A 034 1 03 B 033 4 034 4 034 1 03 4 034 A 0% a
Load Ratio
Total
Max.
Botiom Slab Win, 034 037 9 036 6 033 -t 036 -1 035 1 033 1 036 - 635 1 033 1 036 4 035 1
Load Ratic Torat
of

Table 4.8b: Resulis for different models, infinite reshore stiffness, 2 levels of reshores
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Infinite Reshore Stiffness, 3 Levels of Reshores

Reshore Stiffness 3x3 Bays, §.5m x 8.5m (1) 3x3 Bays, 6.5m x 9.5m 3x3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 6.5m 2x2 Bays, 9.6m x 8.5m
ot Realistic { % Diff. | Realistic | % Diff. Realistic Realistic . N Realistic ) Realistic . . Realistic . Realistic "
Siab Relative Stiffness 1.00 3.5 days 1.00 7 days| 1.00 1.00 % Diff. (1) 3.6 days % Diff. (1)} (7 days| % Diff. (1) 1.60 % Diff. (1) (3.5 days % Difi. (1) (7 days % Diff. (1} 1.00 % Diff. (1) (3.5 days % Diff. {1) 7 days| % Diff. {1)
Max.
Top Resho Win, 076 078 5 078 3 075 4 078 2] 078 1 075 A 078 a1 078 R 075 1 078 A 078 1
Load Ratio
Avg.
Middle R Max.
iddle Resk Min. 050 054 7 053 5 050 ] 054 -1 053 B 050 1 084 B 083 1 050 -1 054 Kl 053 A
Load Ratio
Avg.
Max.
Bottom Rest Win. 025 028 9 [¥id 7 025 B 027 Rl 027 1 025 1 027 4 027 1 025 -1 027 Kl 027 R
Load Ratio
Avg.
Top St Max. .
Op Siab Load Win. 026 022 13 023 0 0zs 3 022 3 022 3 025 3 022 3 022 3 025 3 022 3 022 3
Total
" Max.
Middle-Top Sial Win. 025 025 4 025 0 025 4 025 4 025 4 0.25 4 025 4 025 4 025 4 025 A 025 1
Load Ratio
Total
. Max.
Middte-Bottom Win 025 027 5 026 3 025 A 0.6 4 026 A 0.25 1 026 4 0% 4 025 4 02 1 026 4
Stab Load Ratio
Total
Max.
Bottom Stab- Win. 025 028 9 027 7 025 4 027 A 027 4 025 B 027 4 027 A 025 B 027 4 027 4
Load Ratio Torat
of

Table 4.8¢c: Results for different models, infinite reshore stiffness, 3 levels of reshores




CHAPTER 5

PRACTICAL APPLICATION

5.1 INTRODUCTION

The following section provides practical examples on the application of the
analytical method developed in Chapter 3 and discussed in Chapter 4. The examples
compare total dead load ratios supported by reshores and slabs for shore/reshore cycles
using a single level of shores and 1, 2 and 3 levels of reshores. The examples use
realistic slab (7 day casting cycle) and realistic reshore stiffnesses and are compared with
the results generated using the Simplified Method (infinitely stiff shores) for the 3 bays x
3 bays, 9.5m x 9.5m bays model. Construction live loads and foundation stiffness are
neglected for the simplicity of the demonstrations. Figures 5.1, 5.2 and 5.3 (1,2 and 3
levels of reshores respectively) present the results of the calculations using the reshore
load ratios presented in Chapter 4 and the logic of the Simplified Method. Stage a) for
each scenario represents the erection of the formwork/shoring and reshoing. Stage b)

represents the casting of slabs.
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LEGEND:
FORM
RESHORE
3 1
p——— 1 1.50
2 1 0 0.50
— 1 1.50 1 1.50
1 1 0 0.50
e 1 1 1 150
0 N 1 0 1
1a 1b 2a 2b 3a 3b 4a 4b
LEGEND:
FORM
RESHORE
—
3 1
— 1 1,64
2 1 0 0.36
p—— 1 1.64 1 1.36
1 1 0 0.36 ‘ ‘
—— 1 0 1 1.36
0 [ l 1 0 1
1a 1b 2a 2b 3a 3b 4a 4b

Figure 5.1: Shoring and reshoring schedules for 1 level of reshores. a) top figure

using infinitely stiff shores, b) bottom figure using elastic shores.
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LEGEND:
FORM
RESHORE
4 1
I— 1 1.33
3 1 0 067
— 1 133 1 1.33
2 1 0 067 0 0.33
F— 1 1 1 133 1 1.33
1 1 0 1 0 0.33
— 1 1 1 1 1 133
0 ‘ 1 1 0 1 0 1
1a 1b 2a 2b 3a 3b 4a 4b 5a 5b
LEGEND:
FORM
RESHORE
4 1
1 157
3 1 0 0.43
— 1 157 1 1.26
2 1 0 0.43 0 0.17
— 1 1 1 126 1 117
1 1 0 1 0 0.47
— 1 1 1 1 1 147
0 N 1 0 1 0 1
1a 1b 2a 2b 3a 3b 4a 4b 5a 5b

Figure 5.2: Shoring and reshoring schedules for 2 levels of reshores. a) top figure

using infinitely stiff shores, b) bottom figure using elastic shores.
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LEGEND:
M FORM

RESHORE

5 1
— 1 125

4 1 0 075
E— 1 1.25 1 125

3 1 0 0.75 0 0.50
| — 1 1 1 1.25 1 125

2 1 o 1 0 0.50 0 0.25
— - 1 1 1 ] 1 125 1 125

1 1 o 1 0 1 [ 0.25
o 1 1 1 1 1 1 1 - 125 — —

0 N 1 M 0 1 0 1 0 1

1a 10 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b
LEGEND:
M FORM
RESHORE

5 1
— 1 156

4 1 0 044
| E— 1 1.56 1 124

3 1 o 044 0 0.20
| mm— 1 1 1 124 1 112

2 1 0 1 0 0.20 0 0.08
| — y, 1 1 1 1 1 112 1 108

1 1 0 1 [ 1 0 008
 Ea— 1 1 1 1 t 1 1 108  S— —]

0 N 1 ‘% [ 1 0 1 [ 1

1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b

Figure 5.3: Shoring and reshoring schedules for 3 levels of reshores. a) top figure

using infinitely stiff shores, b) bottom figure using elastic shores.

Examining Figures 5.1, 5.2 and 5.3, the following can be concluded with respect
to the comparison of the realistic results and those of the Simplified Method.
1. The Simplified Method overestimates the average top reshore load ratio by
39% and underestimates the total top slab load ratio by 9% for 1 level of

reshores.
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2. The Simplified Method overestimates the average top reshore load ratio by
56% and underestimates the total top slab load ratio by 15% for 2 levels of
reshores.

3. The Simplified Method overestimates the average top reshore load ratio by

70% and underestimates the total top slab load ratio by 20% for 3 levels of

reshores.
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CHAPTER 6

DISCUSSION

6.1 INTRODUCTION

The results presented in Chapters 4 and 5 from the analysis of the 4 models for 1,
2 and 3 levels of reshores (refined methodology) revealed significant differences
compared with the reshore forces determined using the Simplified Method (infinitely stiff
reshores). These differences and their significance are discussed in the following
sections. The discussion is presented in 3 sections. Section 6.2 discusses the differences
between the loads supported by the reshores for the Refined and Simplified methods and
examines the effect of reshore stiffness, slab ages (construction schedule) and bay
sizes/aspect ratios. Similarly, Section 6.3 focuses on the proportion of load transferred to
supporting slabs. Section 6.4 discusses the effect of creep on the calculation of

shoring/reshoring schedules.

6.2 LOADS SUPPORTED BY RESHORES

The following 3 tables summarize a portion of the results presented in Tables 4.1
to 4.4 of Chapter 4. Tables 6.1, 6.2 and 6.3 compare the reshore load ratios calculated
assuming elastic reshores with those obtained assuming infinitely stiff reshores for 1, 2
and 3 levels respectively. Only the results for the cases assuming an equal stiffness (age)
for all slabs are shown for comparison. The trends are similar for the results of the

realistic casting schedule cases (3.5 days and 7 days).
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The results presented in Tables 6.1 to 6.3 demonstrate that a decrease in the
stiffness of reshores results in a decrease in the average load ratio supported by the
reshores for all models when compared with the results for infinitely stiff reshores. This
decrease is more significant as the number of levels of reshores increase. In addition, as
reshore stiffnesses decrease, the middle and bottom levels of reshores become almost
ineffectual with a reduction of 77% to nearly 100% (from stiffer to softer shores) from
the values calculated using infinitely stiff reshores. In addition to the reshores, it is
apparent that the slab spans/aspect ratios also have an effect on the loads supported by the
reshores. This is directly related to the stiffness of the slabs.

The results for the 3 bays x 3 bays, 9.5m x 9.5m span model and the 2 bay x 2
bays, 9.5m x 9.5m span model demonstrate that the number of bays are relatively
insignificant to the analysis. The slight differences can be attributed to the 2 x 2 Bays
model being composed of 4 corner bays while the 3 x 3 Bays model is composed of 1
center bay, 4 edge bays and 4 corner bays, and therefore the slabs in this model are on
average stiffer. Similarly, the other two 3 x 3 Bays models have shorter spans and
therefore have an even higher average slab stiffness. From this, it can be concluded that
an increase in slab stiffness (due to slab construction) has the effect of further reducing
the proportion of load supported by the reshores. Therefore, not only does the stiffness of
the reshores play a major role in shoring and reshoring schedules, the slab spans

(stiffness) also have a significant influence.

Model Reshore Stiffness
1/3 x Realistic Realistic 3 x Realistic
3 x 3 Bays, 9.5m x 9.5m Bays -51 -30 -17
3 x 3 Bays, 6.5m x 9.5m Bays -62 -40 -23
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -69 -47 -28
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -49 -29 -19

Table 6.1: Difference (%) of load ratios for different reshore stiffnesses compared
to infinitely stiff reshore load ratios, 1 level of reshores
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Model Reshore Stiffness
1/3 x Realistic l Realistic I 3 x Realistic

Top Level of Reshores
3 x 3 Bays, 9.5m x 9.5m Bays -60 -38 -22
3 x 3 Bays, 6.5m x 9.5m Bays -70 -48 -29
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -76 -56 -35
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -58 -36 -21
Bottom Level of Reshores
3 x 3 Bays, 9.5m x 9.5m Bays -71 -51 -30
3 x 3 Bays, 6.5m x 9.5m Bays -86 -64 -40
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -90 -72 -48
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -75 -49 -29

Table 6.2: Difference (%) of load ratios for different reshore stiffnesses compared to
infinitely stiff reshore load ratios, 2 levels of reshores

Model Reshore Stiffness
1/3 x Realistic | Realistic | 3 x Realistic

Top Level of Reshores
3 x 3 Bays, 9.5m x 9.5m Bays -64 -43 -35
3 x 3 Bays, 6.5m x 9.5m Bays -73 -53 -33
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -78 -60 -39
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -62 -41 -24
Middle Level of Reshores
3 x 3 Bays, 9.5m x 9.5m Bays -83 -60 -36
3 x 3 Bays, 6.5m x 9.5m Bays -90 -72 -46
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 98 -73 -56
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -82 -57 -35
Bottom Level of Reshores
3 x 3 Bays, 9.5m x 9.5m Bays -90 -68 -41
3 x 3 Bays, 6.5m x 9.5m Bays -95 -79 -54
3 x3 Bays, 9.5mx 9.5m, 6.5m x 9.5m, 6.5m x -97 -85 -63
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -89 -65 -40

Table 6.3: Difference (%) of load ratios for different reshore stiffnesses compared to
infinitely stiff reshore load ratios, 3 levels of reshores

The results calculated using infinitely stiff reshores indicate an equal sharing of
load by all reshores for any given level. Tables 4.1 to 4.4 (Chapter 4) indicate a wide
variation in the load ratios calculated assuming elastic reshores with minimum values

occurring at reshores near columns and maximum values near the center of bays. This
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indicates that reshores are significantly under stressed near columns, which questions the
need for reshores so close to slab supports. An argument can be made that the presence
of reshores near columns contributes to the punching shear resistance of the reshored
slabs.

It should also be noted that for the elastic reshores, the calculated maximum (with
the exception of a few cases as described below) and minimum reshore load ratios are
significantly lower than those calculated using infinitely stiff reshores. Therefore, using
the Simplified Method (infinitely stiff reshores) for the calculation of shoring/reshoring
schedules would yield overly conservative reshore forces for the slab models studied.
This would normally be acceptable from a safety perspective but may result in increased
costs due to overdesign of the reshoring system.

The 3 x Realistic stiffness case saw an increase in the maximum shore load by up
to 6% compared with the infinitely stiff shores. Therefore, the possibility exists that a
few isolated reshores could be overstressed. Since this is isolated and only applies to a
few reshores near the mid span, normal safety factors used in design may compensate
sufficiently for this overstress. However, safety factors should not be used to account for
errors in design.

From Tables 4.1 to 4.4, the differences in the average calculated reshore load
ratios, comparing the results for a realistic reshoring schedules of 3.5 days and 7 days
with those obtained assuming a uniform stiffness for each slab, vary between +2% to
+7% for 1 level of reshores, +2% to +6% (top level) and -4 to +9% (bottom level) for 2
levels of reshores and +2% to +5% (top level), -5 to +7% (middle level) and -13% to
+10% (bottom level) for 3 levels of reshores. These differences increased as the reshore
stiffness increased. In addition, the differences increase from the top to bottom levels of
reshores.

The differences observed with the realistic reshore schedules are all positive for
the top level of reshores while they vary from positive to negative for the middle and
bottom levels of reshores. All middle and bottom reshore load ratios decreased for the
1/3 x Realistic stiffness cases. Some of the middle and bottom reshore load ratios
decreased for the 1/3 x realistic stiffness cases. All reshore load ratios saw an increase

for the 3 x Realistic and Infinite stiffness cases.
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Based on the reshore load ratios presented in Chapter 4, sample calculations to
demonstrate the application of these ratios to the calculation of actual shoring/reshoring
schedules (assuming 1 level of shores and 1, 2 and 3 levels of reshores) were presented in
Chapter 5. These results are summarized as follows:
1. The Simplified Method overestimated the average top reshore load ratio by
39% for 1 level of reshores.

2. The Simplified Method overestimated the average top reshore load ratio by
56% for 2 levels of reshores.

3. The Simplified Method overestimated the average top reshore load ratio by

70% for 3 levels of reshores.

6.3 LOADS SUPPORTED BY SLABS

The following 3 tables summarize a portion of the results presented in Tables 4.1
to 4.4 of Chapter 4. Tables 6.4, 6.5 and 6.6 compare the total slab load ratios calculated
assuming elastic reshores with those obtained assuming infinitely stiff reshores for 1, 2
and 3 levels respectively. Only the results for the cases assuming an equal stiffness (age)
for all slabs are shown for comparison. The trends are similar for the results of the
realistic casting schedule cases (3.5 days and 7 days).

The 3 tables below indicate that all cases of elastic reshores display a significant
increase in the load ratio supported by the top slab, regardless of the number of reshored
levels. This difference is greater as the stiffness of the reshores decreases. This results in
a significant decrease in the load ratios for the supporting slabs below the top level of
reshores.

Using the Simplified Method to calculate shoring/reshoring schedules would yield
overly conservative results for lower slabs. More importantly, the Simplified Method
would yield significantly un-conservative results for the top slab, the youngest in the
supported system and the most critical with respect to punching failure.

Conversely to the reshore load ratios, taking into account the age adjusted
stiffness of slabs reduces the total slab load ratios for the top slabs for all models and

levels of reshores and is therefore beneficial.
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Model Reshore Stiffness
1/3 x Realistic | Realistic | 3 x Realistic

Top Slab
3 x 3 Bays, 9.5m x 9.5m Bays +51 +30 +17
3 x 3 Bays, 6.5m x 9.5m Bays +62 +40 +23
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x +69 +47 +28
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays +49 +29 +19
Bottom Slab
3 x 3 Bays, 9.5m x 9.5m Bays -51 -30 -17
3 x 3 Bays, 6.5m x 9.5m Bays -62 -40 -23
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -69 -47 -28
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -49 -29 -19

Table 6.4: Difference (%) of slab total load ratios for different reshore stiffnesses
compared to infinitely stiff reshore slab load ratios, 1 level of reshores

Model Reshore Stiffness
: 1/3 x Realistic | Realistic | 3 x Realistic

Top Slab
3 x 3 Bays, 9.5m x 9.5m Bays +119 +76 +44
3 x 3 Bays, 6.5m x 9.5m Bays +139 +97 +59
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x +151 +111 +70
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays +115 +73 +42
Middle Slab
3 x 3 Bays, 9.5m x 9.5m Bays -42 -25 -14
3 x 3 Bays, 6.5m x 9.5m Bays -53 -33 -19
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -61 -39 =22
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -40 -24 -14
Bottom Slab-51
3 x 3 Bays, 9.5m x 9.5m Bays =77 -51 -30
3 x 3 Bays, 6.5m x 9.5m Bays -86 -64 -40
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -90 -72 -48
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -75 -49 -29

Table 6.5: Difference (%) of slab total load ratios for different reshore stiffnesses
compared to infinitely stiff reshore slab load ratios, 2 levels of reshores
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Model Reshore Stiffness
1/3 x Realistic | Realistic | 3 x Realistic

Top Slab
3 x 3 Bays, 9.5m x 9.5m Bays +191 +128 +76
3 x 3 Bays, 6.5m x 9.5m Bays +219 +159 +100
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x +234 +179 +118
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays +186 +123 +73
Middle-Top Slab
3 x 3 Bays, 9.5m x 9.5m Bays -25 -9 -4
3 x 3 Bays, 6.5m x 9.5m Bays -39 -16 -6
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -49 =23 -7
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -23 -8 -4
Middle-Bottom Slab
3 x 3 Bays, 9.5m x 9.5m Bays -76 -52 -31
3 x 3 Bays, 6.5m x 9.5m Bays -85 -64 -41
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x -89 -71 -48
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -23 -50 -30
Bottom Slab
3 x 3 Bays, 9.5m x 9.5m Bays -90 -68 -41
3 x 3 Bays, 6.5m x 9.5m Bays -95 -79 -54
3 x 3 Bays, 9.5m x 9.5m, 6.5m x 9.5m, 6.5m x 97 -85 -63
6.5m Bays
2 x 2 Bays, 9.5m x 9.5m Bays -89 -65 -40

Table 6.6: Difference (%) of slab total load ratios for different reshore stiffnesses
compared to infinitely stiff reshore slab load ratios, 3 levels of reshores

Based on the reshore load ratios presented in Chapter 4, sample calculations to
demonstrate the application of these ratios to the calculation of actual shoring/reshoring
schedules (assuming 1 level of shores and 1, 2 and 3 levels of reshores) were presented in
Chapter 5. These results are summarized as follows:

1. The Simplified Method underestimated the total top slab load ratio by 9% for

1 level of reshores.

2. The Simplified underestimated the total top slab load ratio by 15% for 2 levels

of reshores.

3. The Simplified Method underestimated the total top slab load ratio by 20% for

3 levels of reshores.
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6.4 EFFECTS OF CREEP AND SHRINKAGE

As mentioned in Chapter 3, due to the complexity of the problems, our
investigation into the effects of creep and shrinkage on reshored slabs during construction
was not exhaustive. Our cursory investigation did determine that creep and shrinkage
should not significantly affect the distribution of load between slabs and reshores.
However, further research is required to understand these phenomena with respect to
shoring/reshoring cycles and determine the magnitude of their effect. In addition, the
effect of creep on the long term deflections of the slabs was not determined as this was

found to be an even more complex problem.
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CHAPTER 7

CONCLUSIONS

7.1 INTRODUCTION

Even though it has been, and is currently being, used to calculated
shoring/reshoring schedules, the Simplified Method overestimates the proportion of load
supported by all reshores and underestimates the proportion of load supported by the top
slab in the reshored system. Therefore, it is concluded that the Simplified Method can be
unsafe for the determination of shoring/reshoring loads. The following sections provide
specific conclusions of this research. In addition, conclusions regarding the requirement

for future work are provided.

7.2 RESHORE STIFFNESS

The work in this thesis has clearly shown that neglecting reshore stiffness in
calculating shoring/reshoring schedules is a dubious assumption. Conclusions regarding

the importance of taking into account reshore stiffnesses are provided below.

1. Neglecting the elastic stiffness of reshores greatly overestimated the average load
supported by reshores for all cases studied. This overestimation increased as

reshore stiffness and slab stiffness decreased (spans increased).
2. Neglecting the elastic stiffness of reshores generally overestimates the load

supported by individual reshores. This overestimation is greatest near the slab

supports (columns).
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3. The overestimation of average and individual reshore loads does not present a
concern for the safety of shoring/reshoring schedules. However, it may have cost
implications which would be of interest to building owners. In addition, the duty
of engineers is to design structural systems as accurately as possible. Additional
safety may be desirable when dealing with structures during construction where
the care of workers and quality control may be questionable. However, this
additional safety would better serve everyone if consciously added to the entire
system during design. Simply because the Simplified Method has been
successfully applied in the past does not preclude the possibility of future

disasters.

4. Using infinite reshore stiffness provided a reasonable approximation of the
maximum reshore loads. However, calculations using elastic shores did indicate
that the maximum reshore loads are sometimes exceeded by up to 6% for the
cases studied. This level of overload may not be considered significant but as it

can easily be calculated, should be taken into account during design.

5. Cases with stiffer reshores tended to converge towards the results of infinitely
stiff shores. However, none of the elastic reshore cases examined were nearer
than 17% of the infinitely stiff reshore results (for a reshore stiffness of 3 x

realistic).

6. Assuming infinite reshore stiffness significantly underestimated the total load
supported by the top slab in the reshored system. This presents a significant
problem as the top slab in the system is the one with the lowest concrete strength
(youngest slab) and therefore more susceptible to punching shear. This also

presents a concern for early age and long term deflections.
7. Given that the Simplified Method continues to be successfully used by designers

without frequent reported collapses, one may question the overall importance of

taking into account reshore stiffnesses. Perhaps the lack of collapses can be
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attributed to a significant overestimation of live loads during construction and
underprediction of actual slab strength. However, such incidental safety factors
should not preclude the need for a proper understanding of design loads by

engineers.

7.3 SLAB SPANS/ASPECT RATIOS

The effect of slab aspect ratio/span is more related to the stiffness of the slabs
than to shape. Shorter spans result in an increased stiffness of the slabs, which results in
a reduction in load transferred from the top supported slab to the top level of reshores.
The stiffer the slab system, the greater the overestimation of load ratios supported by the
reshores and more importantly, the greater the underestimation of load supported by the
top reshored slab. Therefore, stiff slabs with flexible reshores presents a worst case

scenario for slab safety during construction when using the Simplified Method.

74 EFFECT OF SLAB AGE

Although not as important as the stiffness of reshores and slab spans (stiffness),
the age of slabs does have an effect on the distribution of loads through the reshored
system. Older (lower) slabs in the system are stiffer than the younger ones (upper) thus
resulting in an increase in the ratio of load supported by the top level of reshores.

For middle and lower slabs in multi level reshoring systems, the effect of age
adjusted slab stiffnesses was dependent on the stiffness of reshores. Weaker reshores
resulted in a reduction of load supported by the middle and bottom levels of reshores.
This resulted in an increase in slab load above these levels of reshores. For the cases with
stiffer reshores, taking into account slab relative stiffnesses served to increase the reshore
load ratios for all levels thus resulting in an increase in load on the lower slab and a

decrease of load on the top slab.

7.5 CREEP AND SHRINKAGE

As previously mentioned, our work on the effect of creep and shrinkage was

cursory. Our preliminary investigation did determine that creep and shrinkage should not
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significantly affect the distribution of load between slabs and reshores. However, further
research is required to properly understand these phenomena with respect to
shoring/reshoring cycles and determine the magnitude of their effect.

In addition, the effect of creep on the long term deflections of the slabs was not
determined as this was found to be an even more complex problem.

For shrinkage, exhaustive analytical and experimental work on reinforced
concrete suspended slabs of different shapes and arrangement would be required to even
obtain a cursory understanding. In addition, the range of reinforcement ratios and their
termination locations as well as curing on shrinkage make the problem even more

complex.

7.6 ANALYSIS OF APPLIED LOAD

The loads applied to the finite element models to obtain slab unit stiffnesses were
determined using the tributary area of the shoring system. Since flying form trusses were
assumed as the shoring system, this is not completely accurate. An analysis assuming the
continuity of the trusses has determined that up to a 6% increase or decrease in some of
the applied loads can be expected. However, this will depend on the type of shoring
system used and would be up to the designer to assess the importance of proper

determination of the input loads.

7.7 WORK TO BE PERFORMED

1. A convenient way to determine slab deflections is required. Based on the
observation of deflections determined using the finite element models, no
convenient pattern was determined.

2. The work presented in this thesis assumes a constant construction temperature.
What has not been examined is the effect of temperature change (from day to
night) on a reshored system due to the lack of information on the topic. Further
research is required.

3. The full effects of shrinkage and creep on the safety of flat slabs during
construction and on short and long term deflections of the slabs requires further

examination.
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