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Abstract

This research etored new ways to improve mine conveyance side slipper
design usedto reduce the impact loads from the lateral movement resulting from
misaligned mineshaft guiding systeraused during the hoisting proce$bke research
examined the dynamic behavior of conveyances using Comro design gu(déo
and compared it agast single degree of freedomanalysis (SDOF)A soft material,
rubber bearing pads, was added to the slipper design to reduce the total stiffness of the
system, reducing the magnitude of the lateral impact f@cton duclkpads a type of
bearing pagwere tested undestrain rates of 001 to 208 to investigateheirbehavior
under different strain rates and calculate a secant modulus of elastickyqG0dPa)
to be used in the final slipper desigh new slipperwas designed tincrease the
productvity of old and new mine®esign guidelinefor the new slipperarepresented

in this thesis
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1 Chapillemtroduction to the probl e

1.1 Introduction

Mining componerg are somef the most complex structures in the building field.
Mineshafts are among the most importamiponentsf the infrastructure ideepmines
as they are used for transportipgopleand materials to and from tineine coreas well
as liftingthe raw matealsto the surfaceA steel systen(steelwork) is used to dividee
mineshaft areaand provide guidance to the movement of conveyabetweenthe
surfaceandthe mine core. Thisteelworkis comprisedf horizontalbuntonsand vertical
guides The horizontal buntons are used to support the guides and transfer the loads of the
hoisting process to the supports on the mineshaft Widiks guides are used to guide the
vertical movement, while limiting the lateral movements, of the conveyaiites.
research focuses on thgnamicsystem where two guides geithe vertical movement
(hoisting) of each conveyancdhe guides are located oropposite side of the
conveyances. The steel guides and buntaressusceptible tomultiple damaging
mechanismsncluding fatigue damageplastic deformation of conveyancasd guide
derails. Impact forces on these componeatsexpected to reach 2 to 3 times the gravity
load of the conveyance in the form of horizontal impact (Krige 1983). In other viloeds,
magnitucek of impact forces can reach 2 to 3 times the weight of the loaded conveyances,

which canbein excess of onhundredons.

Problem statement:

The demand on mine conveyances is increasing as material is being transported to

the surface in larger quantities than ever. Mines require higher mass conveyances moving
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with higher hoisting speeds. Both contribute to potentially higher lateral impaesforc
(slam loads) from the conveyance onto the guide system. The magnitude of these slam
loads needs to be reduced to mitigate potential damage to the guide rail system and allow

continuous operation of mines.

1.2 Literature r eview

This sectionand Ghapter 2present an extensive blground studyof previous
research investigiaig the topics of this thesist starts by explaining different mine shaft
loads and the need for adding a rubber pad to reduce the impact load effestippéne
location.Furthermoreit discusses a detailed studfyelastomeric pad desigrsspecified

by the bridge AASHTO standards (2012).

1.2.1 Mining |l oads

A subsurface mine is generally divided into three components: Surface structures,
amineshaft, ané mine coreSurfacestructures organize the movement of conveyances
hoisting people and materials from the mine core to the surface passing through the
mineshaft.The mineshaft is the vertical tunnel connecting the surface to the mine core.
The mineshatft is usually dividedto multiple compartments. These compartments permit
conveyances to move easily to transport people and materials from the mine to the surface.
Each compartment contaiasleastwo guides to guida conveyancd@s mov e ment .
guides are supported byntonsanchoredo the walls of thenineshaft Thebuntonsand
guides are considered the steelwork of the mineshaft carrying the loads exercised by the

hoisting processhe mine corés the active mine area where raw materials are extracted



This researcis only considering the loads exercised on the steel shaft sygtetas and

buntonspy the conveyances traveling between the surface and the core.

1.2.1.1 Permanent lbads
South African National Standard, Design of structures for the mining industry
SANS 102084 (2011)is a design code used in the mining industry worldwide. This

design codelivides the permanent load into:

1 Selfweight of the steel work of the mineshatft.
1 Rocksloadson the sides of a mineshaft supported by brow beam and sidewalls.

1 Conveyoroperating loads

These loads are important in steelwork design but are not part of this research interest.

1.2.1.2 Dynamic loads

During the last few decades, researchers studied multiple mines to calculate the
maximum bunton forces and deflections using lodts,cstrain gauges and computer
programs (Krige 1986) he results of these investigations were compiledardomplete
guideline to design mineshafts subjected to slam loads (Comro T9@9yuideline was
also incorporateohto the SANS 102084 (2011).In most cases of slam events, the rollers,
located on the top of the skip, reduce the impact force exercised by the skip on the
steelwork of the minshaft. Over time, the rollers weant and become inactive. In turn,
the steel slippemiounted on bothides of the skip slam the steel guides directly without
dissipating the fare causing larger forces dhe steelwork.These steel slippers are

usually covered with a higtensity polyethylene (HDPE) layer to reduce friction between



the slipper plate and ¢hguide.Therefore understandinghe dynamic response of pki

with inactive rollers i<ritical.

To calculate the magnitude of the foraesbuntonsand deflections obuntons
Conro (1990 transform the skip and the steel work system into a single degree of
freedom system. This single degree of freedom system is formed using an effective mass
of the conveyanceomputel about the impact location e slipper at theeading endf
the skip.The system also uses twargsin seriegepresentinghe skip stiffness and the
bunton stiffness. If the skip is very stiff, the total stiffness is considered to be only the
bunton stiffness. Finally, the system has an initial velocity equal to imphudity. This

system will be discussed in detmlChapter 2.

1.2.2 Elastomeric pads

To reduce the slamming force, a new slipper desmrid bedeveloped using a
combination ofrubber type material and ste@he rubber material will reduce the
effective stiffness of the system which in turn reduces the slamming force on the steel
buntons It will also play an important role for dissipating the dynamic behavior of the
steel shaftThe hyperelasticity of rubber is a useful property for damping dynaoads.
Rubber bearing pads have been used for multiple such applications including mitigating
seismic loads and traffic loads on bridg@seder and Stantdi®83).Fourtypes of rubber
padsare specified in the American Association of State Highway argh3poration
Officials (AASHTO): plain unreinforced elastomeric pads (PEP), FibergResaforced
Pad (FGR), StedReinforced Elastomeric Bearing, and Cotuck-Reinforced Pad

(CDP).



To reduce the extreme impact loads, the new slipper design should provide a
reasonable amount of load reduction, accommodate movement, and prevent premature
fatigue failures or creep failures. As slippers are mounted on the sides of conveyances,
the new dagn should have a rectangular shape to accommodate for the clearance between
the guide and thsglipper. Rubber bearing pads wéwsand to be a realistic solution in this
casefor their capabilityin seismic base isolation and machine vibration corjRokder
and Stantoi983)andtheirhighallowablecompressive capacity which can reach ZéaM

for fatigue loadgAASHTO 2012)

Roeder and Stantdt983 provided a summary for different types of bearing pads
and the gp between structural design and thmanufacturers points of view of the
elastomers bearing pads. They demonstrated two main types of rubber materials used in
elastomeric padsiatural rubber or a synthetic rubber such as chlorophgrese rubber
materials have a nonlinear stresggain beheior affected by both temperature and strain

rate. In general, the rubber pads stiffen under low temperatures and high strain rates.

1.2.2.1 Manufacturing of elastomeric pads

Raw rubber is a soft material with a very low stiffness. To resist higher stress with
small deflection, the raw rubber should be reictxt by layers of reinforcementsen
vulcanized after bonding the reinforcement to the ruiReeder and Stantd®83). This
method secures a strong bond between the rubber and the reinforcement. Dsiring th
procedure, some an#ionants, antioxidants, and fillers like oil and carbon black are
added. These compounds affect the mechanical behavior of the.ribégiroperties of
the rubber cashange fromonemanufacture to another, challenging structural eegyis

to design bearing pad®koeder2000) The structural engineer focuses mainly on the



mechanical properties of rubber pads including stiffness, strength and strags
relation of the bearing pad. On ttddeo ot her
achieve a certain range of hardness and elongation (Resder and Stantof983)

Figure 12-1 shows an example of a rubber bearing pad.

CDPsare manufactured under the military specification MH882E (1989)
CDP consists of thin layers efastomer and cotton duck fabri@enerally, CDRs stiffer

and ha highercompressivestrengththan other pad type&®(eder2000).

Rubber Layer Reinforcement

ELASTOMERIC BEARING

Figurel.2-1 Elastomeric bearing pads (AASHTO 201.
1.2.2.2 Different types of elastomericpads

Elastomeric pads are generally classified by the type of the reinforcement used
between the rubber layefour types of elastomeric pad specified inARSHTO LRFD
Design Specification€012 are;PEP, FGR, StedReinforced Elastomeric Bearing, and

CDP.

PEP is a plain rubber pad without any reinforcement layers. It is considered the

least stiffened rubber pad in all the elastomeric pads. As the pad is formed completely
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from rubber, the only forceestraining the bulge of the pad is the friction between the
rubber surface and the surface of the contacting material. This frioticeadepends on

the type of materidt is in contactwith. The design of this type of pad is not permitted in
some buildng codesand is penalized by others by reducing the effective mechanical

properties used in desigfiRoeder and Stantdr983).

A steel reinforced bearing pad is formed of natural rubber or synthetic rubber with
steel layers. The steel provides the pacteasedin-plane stiffness by reducing the
bulging area which redusehe total bulging of the pad (seddtre 1.2-2). The steel
reinforcements restrain t he inpreadegsnpresaitee r al
shear, andotation capacity (seeigure 1.2-3). In a reinforced pad, the shear stress in the
pad transforminto a tensile stress in the reinforcement layers. As btesHigh tensile
capacity, few complications happened due to this tensile stress (Stanton and Roeder

1982).
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(c) (d)

Figurel.2-2 BearingPads under compression: (a) PEP, (b) PEP with 2 surface in
with a structural mterial, (c) PEP under compression, (d) reinforced pad
compression. (Stanton and Roeder 1982).
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Figure 1.2-3 (a) reinforcement restrain the bulging in compression, (b) reinforce
restrain the bulging in rotation, (c) reinforcement restrain the bulging in shear (Roe
Stanton 1983).

Fiberglass was used as reinforcing material in elastomeric pads. Fiberglass is
much weaker than steel in tension which permit a better control of the strength of the

bearing paqRoeder and Stantdr983)

Cotton duck pads (CDP) are produced in form otarotduck material sheets,
specified in the Military Specification MHC-882E (1989), interlayered by layers of
elastomer. Polytetrafluorethylene (PTFE) is used on the top of the pad as a sliding surface
which accommodate for pad translation. CDP are knimwitheir high stiffnesselative
to other bearing pad typeBhe hardness of this type of pad could reach 90 on a durometer
shore Ascale. High stiffness and hardness provide CDP with a higher compressive
capacity and strength. Nevertheless, the thin layers of cotton duck deliver a higher

rotational and shear stiffness which leads to a higher moments ancbhgdgéaiesThese
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higherrotational and shear stiffness also reduce the total shear and rotational deflections

of the padg¢Roeder1999).

1.2.2.3 Rubber pad properties and design criteria
1.2.2.3.1 Hardness

Gent (1958 studiedthe relation betweethe hardness ohatural rubber and
modulus oklastidaty. Gentderived a graphto describe this relation using the international
rubber hardness (IRH) degrees and formulated in terms of defonntheory. This
formula was compared with multiple experiments on natural rubber specimeRgy(see
1.2-4). The range of interest for the rubber hardness is between 50 and 70 Shore A

hardness test.

10; 000. - . T T T T T T

AL 44y
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100. F

ELASTIC MODULUS PSI (LOG SCALE)

10- 4 L 1 1 1 1 "
0 20, 40. €0. 80, 100.

INTERNATIONAL RUBBER HARDNESS (DEGREES)

Figurel.2-4 Relation between the International Rubber Harc
(I.R.H.) and the elastic modulus of the natural rul§Gemt 1958,
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1.2.2.3.2 Compression

AASHTO (2012) limits the compressive stress of PEP to 0.&ksiMPa) FGP
to 1 ksi(6.87 MPa) steel reinforced pad th.25%si (8.58 MPa)and CDP to 3 ksf20.6
MPa). AASHTO describes the stress in PEP and FGP using the pad shape factor and the
shear modulus. The shape factor of a pad is the ratio betweerdthesga and its perimeter
area. Due to CDP manufacture proceduthe shape factof CDP has a smaller effect
on the behavior of the@P compared to other pad typ&oeder(1999) compared the
compressive behavior of CDP and the other pad types. CDP was found to have a higher
stiffness and higher compressive strén@EP had the lowest stiffness as it does not
contain any reinforcementFigure 1.25 shows the stresstrain curves for PEP, CDP,

and steel reinforced elastomeric bearing pad.

As presented in Figure 1% the shape factor has a significant effecboth PEP
and steel reinforced elastomeric pad. On the other hand, CDP experienced less effect on
its compressive behavioompared to PEP and steel reinforced phuthis research, the
pad desigead for the slipper plate hashggh shape factof5.4), ast he padds ar ea
large the same size as the slipper plate (200m&00mm) and the thekness of the pad
is very small due tbmited distancebetween the skip and the guidée high shape factor
increases the stiffness of PEP and steel reinforeadry padsTherefore, the research
focused on testing CDRhere the shape factbias smalleeffect on the pagroperties
than PEP and steel reinforced pa@®P was alsselecteddue to higher compressive

allowable stres@0.6 MPa) which will beessential while designing extremmpact cases.
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Figurel.2-5: Compressivatress and strain as a functidrsbape factor; a) CDP, b) PEP,
and c) Steel reinforced elastomeric padederl999)

1.2.2.3.3 Dynamicand fatigue

Lehman andRoeder (2005) presented the results dyhamic and fatigue
compressionests for CDP sample$heir testawvere designed for traffic load$he test
was conducted using 2 million cycles of stress levels equivalent to the heaviekiddsc
with a loading rate of 1.5 Hio avoid heat built upThis test evaluated the durability of
the material for 50 to 100 years required for bridge life de3igw.types of damage were

observed: delamination of the cotton duck lagedoil secretion The damage category
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will be discussed in the following section. For samples tdstetiesaip to 7 MPa, the
damage was limited to oil secretion. For samples tested for maximum stresse&lof 14
MPa, the damage reached delamination of the cotton dyeksla The maximum stress
range had the most significant effemt the behavior and failure of the CDPRo

maximize the pad durability, they recommended simessof 3 ksi (20.6MPa).

1.2.2.4 Pads modes ofdilure
Lehman & Roeder (2005)ategorized théestdamage statesf the CDPinto 5

categoriegsee Figure 1:B):

=

No damage (Figure 1-@a))

1 Secretion of oil or wax (Figure 1&b))

1 Delamination of CDP Layer (Figure 16Zc)).
1 Fracture or cracking (Figure 16ld & e)).

1 Internal split (Figure 1-5(f)).

Pads that were subjected to limited maximum strain or sstfe®sed nodamage Oil
secretion from the padccurred during longterm compression tests including the
dynamic compression testéth minimum stress of 7 MPa. For these first two categories,
CDPs were still functionalPadsthatwere subjected to dynamic and uplift tests, showed
delamination ofcotton ducklayers.Diagonal failures were presedtie tohigh stress
compressioror rotation tests. The last category, internal split, was obsensbeartests
with large shear deformations. Bearings that exhilfi@ctures or internal spldamage

arerequired to beimmediate replackin the field.
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Internal Split -
BetweenLayers

C)
Figurel.2-6 CDPs failure statega) no damagé€b) oil secretion, (c) delamination, (d)
diagonal failure due to compression, (e) diagonal failure due to rotation, and (f) internal

slip (Lehman & Roeder 2005)

1.2.3 Conclusion

The previous CDP research focusedlioe compression and fatigue testing which
describes the material behavior and compare it with other bearing pad types. This research
will focus on the behavior of CDP under high impact loads. Examining this impact
behavior will provide the information eded to design a flexible slipper to be mounted
on the mine skip to reduce the dynamic behavior of the skip/guide system which will

reduce the magnitude of impact load in the mineshatft.

1.3 Proposed research

The objectives of this study are as follows:
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1. To assss the industry standard methodology of determining slam loads.

2. To determine an appropriate interface material that can be placed between mine
skip slippers and rails to potentially reduce force transfer and mitigate slam
loads.

3. To experimentally validatthe static material properties of the interface material
to ensure its appropriateness for use in the slipper design.

4. To experimentally determine the high strain rate behavior of the material to
incorporate its dynamic material properties into the slipgsrgn.

5. To simplify the material response into elastic equivalent single degree of
freedom and equivalent static force procedure models for practical use in design
of slippers.

6. To propose a simple design procedure for incorporating the interface material

into slipper design.

The proposedesearch will consider potashmineshaft located in Saskatchewan,
CanadaThe typical mineshaftconfigurationconsists of two skips for material hoisting
(Al, A2), a cage for people and equipment transportation to the nlmation
underground (C1), and@unterweight to balance the movement of dage(Bl) (see

Figure 13-1).
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Figurel.3-1: MineshaftConfiguration- Plan Mew (Stantec 2013).

An analysis of themineshaft steelwork will be carried out to define the lateral
loads developed in the steelwork as a result of the dynamic interaction between the
conveyances and the conveyance guiding system. The dynamic interaction between
conveyances and the shaft steelwdeipends on multiple factors. These faciadude
the msalignment of the shaft guide, the bunton, skip, and guide stiigegbge mass of
the skip, and the hoisting velocityAfter analying the impact force, a bearing pad will
be consideredo reducethe impact force. This bearing pad will consist of a rubiser
material with low stiffness to change the dynamic response of the system and reduce the
impact force at bunton location. In this mineshaft, a bearing pad is located originally on
the slippes located on the sides of the conveyances (see Figgi®).1An optimized
design of the bearing pad will be explored with pad properties selected to reduce slam

loads from the conveyance onto the rail system.
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Guide
Bearing
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Figurel.3-2: Slipper design and location béaring pads

Unlike traditionalbearing pads, theibber, in this casevill not carry large gravity
loads. The rubber will carry dynamic loads includingctigy and extreme rare impact
loads.Cotton duck pads (CDP) will be used in this research at the slipper location. Due
to the lack of information on the dynamic behavior and properties of CDP, CDP samples
will be tested under static and dynamic loadifigss research will present alff design
guideline fordesignbearing pads used to prevaate and extreme impact loaosa

mineshaft

After the introductory information and literature review presented in this chapter,

the thesis structure is as follew

1 Chapter 2 presents the dynamic properties of mine shaft systems and discusses

dynamic analysis procedures.
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1 Chapter 3 describes the experimental procedure that was employed to test the
static and dynamic material properties of the material added tdipipersto
interface with mine shatft rails.

1 Chapter 4 presents the experimental results of the procedure outlined in Chapter
3. The influence of different parameters is explored along with response of
materials under different strain rates. Supplementaty fdam the experimental
results is presented in Appendix C and Appendix D.

1 Chapter 5 describes the proposed methods to incorporate the interface material
into slipper design to reduce slam loads.

1 Chapter 6 presents conclusions and suggestions for fesgarch that stem from

this work.

In addition to the above chapters, there are four appendices that present an
example calculation of slam loads (Appendix A), the data acquisition system and
experimental test monitoring process (Appendix B), and expetahdata summaries

from the static tests (Appendix C) and the dynamic tests (Appendix D).

17



2 Chap2Tehre dynamic behaviosr of mi

This chapter illustrates an overview of the theoretical aspdaiesigning a shaft
steelworkskip systenfor dynamic loads. The chapter contains a summary of how the
COMRO (1990) guideline have been completed though the last few years. The chapter is
divided into multiple parts:

1 Understanding thekip behavior in both active and inactive rollers scenarios.

1 Comparing differentcommercial softwareused to analyze the dynamic
behavior of the skip and mineshatft steelwork.

1 Using Gmro (1990) guideline to calculate the impact bunton force and
maximum guide deflection.

1 Developing a spreadsheet to calculate the mami impact force and guide
deflection of the approximated single degree of freedom system (SDOF) and

compare its results to the guideline results.

After explaining the details of developing and understanding the dynamic behavior of
the skip/steelwork sysin, the results will be used in designingdb&on duck pad (CDP)
attached to thekip slippers. The new design takes into consideration the data gathered in

the experimental results discussed in Chapter 4.

2.1 The skip dynamic behavior

This part describesieé dynamic behavior of skips and shaft steelwork as described in
Comro (1990). The skiguide behavior is divided into two associated parts. The first is

considering the rollers on the sides of the skip are fully effective. The second is
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considering the iiters are not active and the impact occurs on the slippers mounted on
both sides of the skip. Inraalsituation, both scenarios occur at the same time. The roller
located at the top or the bottom of #i@p start by deflecting until it is no longer aai

and the slipper on the side of the skip impact the guide cati@mgat harmingeffect

on the mineshaft steelwork (see Figure P)1To simplify the analysisomroguideline
provided some dynamic fundamentals to describe the theory behind the cixesiavior

of the skip/guide system.

<« —1 Slipper

CLEARANCE
' 700 SMALL :

\/\\

Figure2.1-1: Roller and slipper mounted on-
side of theskip (COMRO 1990)

2.1.1 Roller-active configuration
Comroprovided a study that can be used by readers to unadergta dynamic

behavior of skip/guide system in caseaativeroller. This study is divided into five
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systems starting from the simplest dynamic model and adding more complications in form

of variables to reach a more realistic model.

2.1.1.1 System1

This g/stem considers the total mass ofskp as a dimensionless mass) (it his
mass idravelingalong a rigid guide without roller isolating the guide misalignment (see
Figure 2.12). As the masssitranslating with a constant velocity, the lateral acceleration

is calculated using the following equation:

—=— — T— Equation2-1
where x I s the skipds | ateral displacement
Rigid connection between
skip and guide

Figure2.1-2: Skip model without rollers (COMRO 1990)
The force acting the guide, caused by the lateral movement of thie skjpressed

as:
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Force= mass* acceleration

= msv2 — Equation2-2

This equation illustrates that the acting force of the skip on the steelwork is quadratic
related to the hoisting speed, the skip vertical speed. In other words, if the velocity of the
skipincreases, it will increase the impact force.

To evaluate the pealalue of acceleration, a uniform cosine wave misalignment

was selected to prevent the typical shaft peak misalignment (see Fig@je 2.1

b

Figure2.1-3: Idealized guide misalignment (COMRO 19!

Fora peak to peak amplitude of 30 mm, the maximum curvature is calculated as

follows:
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x=15c0s— = — =——C0S— Equation2-3

For hoisting speed equal to 15 m/s, the lateral acceleration skifheould reach
0.5 g which result in a high impact force on the guide. Due to this high lateral force, rollers
are mounted on sides of the skip. The following section will consideolieesreffect on
system 1.
2.1.1.2 System 2

This system consists gkip massrigid misalignedguide and roller represented

in a linear elastic spring between the skip mass and the guide (see Fgure 2

Figure2.1-4: Skip model without rollers (COMRO 199

For tis system, the guide misalignment profile is considered a bump in the form

of a short duration misalignment with large amplitude to produce a harmonic vibration

for the skipmass. The frequency of the systefg) ¢ould be calculated by:
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fs=— — Equation2-4
wherek: is the roller stiffness. The initial lateral velocity is equal to the integral of the
acceleration forming the harmonic behavior of the system (see Figusg. 2.1
If the skipis exposed to multiple bumps (see Figure®,lhe vibration will build
up forming a higher amplitude. The amplitude of the skip vibration is depending on the

amplitude of the guide misalignment as described in the following equation:

0 = X0 . Equation2-5
wherel = — , "Q s the frequency of guide excitatioh is the amplitude of relative

motion, and is the amplitude of the guide misalignment

(

)
)
(

)
: -

VVV\N\' my duc to bump
kr -

Figure2.1-5 Guide bump and the harmonic response of the skip (COMRO !

The system can reach resonance if the natural frequency of the system and
excitation frequency are equal. When resonance occurs, the roller load increases without
bound. To prevent this resonance situatioshould be maintained less or more than one

to reduce the dynamic response of the skip. The cdse<d corresponds a small skip
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travelling slowly on stiff rollers over a guide with long misalignment waves. On the other
hand,} >>1 corresponds to a heaskip on flexible rollers, high skip speed and short
wavelength misalignment. Each of these approaches are considered in the design of

shaft/steelwork, each has its own limitations.

Figure2.1-6: Skip travelling over a bumpy guide and its response (COMRO 1
2.1.1.3 System 3
The mineshaft steel structure normally dissipates the vibration effect; this
dissipation is called damping (see Figure 2)1The amplitude of the harmonic response
of the skip bould decrease ovéme. The amplitude equation (Equatig«) could be

transformed to the following equation:

0 =—— X 0 Equation2-6

Where! is the amplitude of relativ@otion,, is damping ratio, the ratio between rollers

damping properties and critical damping. Critical damping is defined as the situation
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where the vibration damps out without crossing zero displacement. Critical daraping
is calculated by:
6 =2 Qa Equation2-7
At resonance, the dynamic amplification factor is calculated by:

Dynamic Amplification =— Equation2-8

For a regular roller, the damping ratio ranges between 2% and 5%. The dynamic
amplification factor is multiplied by the acceleration calculated insgfsgemcan reach

up to 12.5g.

Initial Jateral velocity |
duc to bump

LN

Figure2.1-7: Skip with damping going over a bump in a guide (COMRO 19

In fact, this enormous load does not happen in real situations. In systems 1, 2, and
3, the skip ismodeledas a concentrated mass with a roller on one guide. These

assumptions could be improved by assuming a skip length and two active rollers.
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2.1.14 System4

In this system, the length of the skip and rollers on both top and bottom will be
taken into consideratiohe system is considered to e degreesf freedom system.
The two degres are then divided into two singldegres of freedom (SDOF) systems
(see Figure 2-B). The first system is similar to system 3 model describing the lateral

movement of the skifrhe second describes the rotational behavior of the skip.

k,
Cr mg TRANSLATION ROTATION
Lk %
Lg s mg I

Figure2.1-8: Skip model with two rollers and the two singlegre«
of freedom representing it (COMRO 1990)

The two SDOF systems could happen separately. The translational behavior
happens when the guide misalignmeatelengths equal to the skip height. The second
is therotationalbehavior of the skip which happens when the skip height is &moak
and h#f times the wavelength of guide misalignment. The effect translational

misalignment could be calculated as the average of the misalignment at the two rollers.
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Also, the rotational misalignment is the ratio between the difference in guide

misalignment attte two rollers and the skip height as shown in Figure2.1

-

N~

Effective n:usah gnment
in translation A Effective misalignment
\ in rotation
>I e
W
NUs_

/ ‘Skip

{

\

Figure2.1-9: Effective misalignment for a general skip and guide configuratiot
(COMRO 1990).

The rotational degree of freedom couldda¢culated using the following terms:

The mass moment of inertia about the center of gravity (c.g.):

| =—— Equation2-9

This formula assumes the mass is uniformly distributed alongniggiH, which is much
longer than the width of the skip. The rotational stiffness when 2 rollers are in contact

with guide:

27



0 ¢Q - =-0 Equation2-10

This formula assumes that the rollers are symmetrically placed with respect to the skip
c.g.If the c.g. of the skip is not symmetrically placed, it is advised ustoggutemodel
to calculate the mass moment of the inertia and the rotational stiffness.

The guide misalignment profile is not usually imvaveform This profile could
be solved by using superposition of multiple waves (see Figuré R.] . The ski
dynamic response for each of these waves could be solved separately and the results will
be combined to form the expected dynamic response of the skip. This system is used in

guidelines are based for the rollestive case.

- Random guide
misalignment

s {’_ J L

+ i

= _}+ '|'7 4 +
|

Sum of Periodic Waves

\/

Buntons

T

N[ T
=
L1

/

Figure2.1-10: Example for dividing a random guide prof
into multiple periodic waves (COMRO 1990).
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Computer programs could be used to evaluate the dynamic response of the skip
for eachwaveformand combine them to get the overall dynamic response of the skip.

Up to system 4, the dynamic behavior discussed was composed of agkighe a
and maximum of two rollers. The following system will discuss the dynamic behavior of

the skip while considering two guides, one on each side of the skip.

2.1.1.5 System5

This system contains the description of the skip system with two guides, one guide
on each side profile and how this profdffects the behavior of the skip. Figure 211
shows two misaligned guides profile which could be divided into parallel misaligned

guides and gageprofile.

General misallgnment of two guides = Parallel misalignment + Gavge variation

— A c ——<
pa / / ( ~ Z
hY 3 kY k) = ~
14 (. /. £ ! !
= = A = 7 1}
-~ pd pd N £

// // (j (/ lj \l
< Y ) i )
— i i | |

Pl 4 \ ) ! [
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- / N Y AN pd

S \ 4 7 ] $

Figure2.1-11: General misaligned two guides profile and th
equivalent parallel and gage profiles (COMRO 1990)

The gage variation was found not affecting the vibration of the system along with
the analysis procedures of the dynamic behavior ofjtinedskip system. On the other

hand, thegageprofile will affect the static force of the skip roller directly. Thimoge of
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roller force should be taken into consideration while designing the steelwork of the

mineshatft.

The presence of a second guide will not affect the analytical complexity of the
system. It is safe to assume that minimum of two rollers wildiere with a preload on
the guides. But, for design purposes, it is advised performing the analysis twice: once with

only two active rollers and the second has four active rollers.

To develop a plot describing the peak dynamic response for the shisft, it
necessary to perform many dynamic simulations, each with a different skip natural
frequency and damping values. This plot could be used to determine the roller force
related to the unit mass of the skip. Figure 221shows an exampla the roller fore

shock spectrum at President Steyn Gold Mine, Number 4 Shaft.

0.350

A\
BN

0.320

=)

% 0.250 \

o 0.220 AN

; /| S

LL

o 0.150 \

: / ul
0.120 i e

/ Half bunton

0.050 / passing frequenc
0.020 J I

0.00 0.2% 0.5C 0.7% 1.0C 1.2% 1.5C 1.7 2.0C 2.2% 2.5C 2.75 3.00
Skip Frequency (Hz,

Figure2.1-12 the roller force shock spectrum at President Steyn
Mine, Number 4 ShaffCOMRO 1990)
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This spectrum is commonly used to present the dynamic response of multiple

shock and vibration in different industries.

As a conclusion t he rollero6s | ow stiffness
reducing the guide misalignment effect on the skip bmgnbehavior In the caseof
rollers failureor excess deflectigrihe slippers on both sides of the skip impact directly
on the guides. Overall, to reduce tiodler force, the designer could use, as discussed in
system 2, one of two scenari@small skp travelingslowly onstiff rollers over a guie
with long misalignment waves @r heavy skip on flexible rollers, high skspeedand
short wavelength misalignmen$cenario 2 is more likely the situation in the mining

operations.

2.1.2 Inactive-rollers configuration

In this model, the rollers mounted on the skip are considered not active. The
slipper on the side of the skip impacts
effect on the steel guides. Figure -23 shows a sequence of events dgrsevere
slamming in a mine shaft. This diagram was developed using information from multiple

experiments in which bunton forces were measured dthiegiining operation.
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Figure2.1-13 Sequence of events during sevierelaneslamming (Comro 199C

In Figure 2.113,The mosharmingslamming force could be described as follows:
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Reaching the bunton (point B), the skip starts to accelerate and bounce back hitting guide

F. The maximum skip lateral velocityrieached at point B just before the top of the skip

reaches the bunton. Depending on the specifications of the skip and steel work, the
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sudden failure tsteelworkcomporents,buntonsand/or steel guides. To reduce these

mum bunt on

force

can be
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bunt

slam loads, the design guide focuses on two main aspects. The first is the skip roller

system performance which is considered the first lindeténseagainst these loads. The

second is the steel worguides,andbuntons which would carry the dynamic loads by
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hitting the steel slippers located on both sides of the skip, inabeof roller weaing
failure. A computer program called SLAM was created to calculate the slamming event

as described above.

In general, the roller lower stiffness is considered the main reason for reducing the
guide misalignment effect on the skip bouncbehavior In thecaseof rollerstire out,
the slippers on both sides of the skip impact directly on the guides. Overadput®e the
lateral impact force, the designer could use flexilletonsand stiff guides. On the other
hand, using stiffountonsand flexible guides will result in accommodating bigger

slamming forces (Comro 1990).

Due to the complexity of the dynamanalysis, different researchers created
computer programs to calculate the roller loads or slipper load. Each of the computer
programs was checked loyrsite testsusing load cells and accelerometers mounted on
the skip. In the following section, three grams will be discussed and compared as

considered in Krige (1983).

2.2 Computer models.

As discussed previously, it is advised to model active and inactive rollers scenarios
separately. The following three computer models were created to calculate the maximum
roller force or theslammingforce, created by the impact of the slipper on theegii@ihe
first two models, DISC and SKIP Il, discussed #etive roller situation and SLAM

studied thenactiveroller situation.
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2.2.1 DISC

Dynamic behavior of the conveyance has the most damaging effect on the
steelwork of the mineshaft. To predict the maxmroller force the guidekrige (1983)
developed a computer prograf@ISCs) and validated it with oisite measurements.

Multiple variables were found to be crucial for the dynamic behavior of the conveyance:

1- Guide stiffness.

2- Plumb and gauge misalignments

3- Joint mismatch.

4- Hoisting speed.

5- Conveyance mass, height, tenterof gravity reight and stiffness at slippers.

6- Wheel stiffness.

7- Bunton spacing and stiffness.

Due to the high hoisting speed and high

occurs reguldy. The misalignment of steel guide causes a bounbgttaviorof the
conveyance between the two steel guides located on both sides of the skip. There are three

main reasons for guide misalignment

1. Guide mismatch due to the difference of guides depths.

2. Off- vertical distance between twmintonsdue to thealignmentof the guide
according to a vertical surveyor line.

3. Gage error
To created the equation of motion for 8i@p behavior, Krige created models for

different parts of the system as follows:
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2.2.1.1 Guide modeling

To model the guide, Krige (1983) used a sepmtinuous elastically supported
beam (see Figure 2. The guide stiffness is then measured using structural analysis
program or equation-21. Combining the guide stiffness and the rollefre$s will result
in calculating the effective spring stiffness to approximate the moded iIBIOFModel.
The guide stiffness changes episodically while the roller moves from bunton to bunton.
The following equation present the guide stiffness at aratitmt in the center span of the

guide, L/3 O x O 2L/3, calculation:
Kg=bs/ [(-b1-b2) + (38 + 22hy) a + (54- 479k - 175h) &
- (108- 1044k - 630l) & + (54- 927h - 1125b) &

+ (486h + 972b) & - (162h +324b) &) Equation2-11
where: a = x/L, b= 162EI/L3 b = 1/ (/Kp+ 5), b= L}’ , andKy is bunton

stiffness.

The derivation of this equation was found in Kr{883). By combining the guide

stiffness and the wheel stiffness, the effective stiffness is calculated:

Ke= Equation2-12

This equation is built on the assumption that both stiffness are linear.
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Figure2.2-1: Semicontinuous guide model (Krige 1983)

In the caseof slipper contact, the stiffness of the roller will no longer be in active
and the effective stiffness will be only the guide stiffness. This situation is called hard
contact. The loadisplacement is no longer linear (see FigureZ).But, linearity cald
be maintained by adjusting the relative guide location from the maoshkim (Wxx).
Therefore, the guide location is essential in changing the effective stiffnessodeting

the guide.

Wheel 13
Load 1

57 Contact load
S between slipper
S, and guide

~ Constant wheel
& / load

No contact

>
“ Relative movement of
8 conveyance towards
gutide

Figure2.2-2: Effective stiffness of the skip/guide contact (Krige 1983

As previously discussed, the guide misalignment is the main reason for the

dynamic behavior. The reasons of guide misalignment could be divided into three parts:
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1 If the guides were joined based on aligning the back of the guide, the guide steel
could be mismatched for manufacturing reasons.

1 The guide is aligned according to a vertical surveying line with aweotfcal
distance. This distance has some toleramogs| but can vary which affect the
misalignment of the guide.

1 Gage errorarethe last reason of misalignment as discussed in system 5 in the

previous section.

The last two reasons are uniformly distribuvedrthe length of the guide between

the twobuntons

Firstly, the skip wheels are located clear from the guides or with a preload on the
guide. Then, the wheel starts to deflect the guide. The wheel load is calculated using the
effective stiffness. Brthermore hard contact occurs, the wheel islaonger active, and
the slipper carries the slam load. Lastly, wheel irregularity plays a very important role to

calculate the guide location (see Figure3)2
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Figure2.2-3: Effective guide PositiorKfige 1983)

2.2.1.2 Conveyances modeling

The conveyance wasodeledn one plane between the two guides located on both
sides of the conveyance and divided into three rigid bodies. These three bodies are
connected by theridles which has sway stiffness and damping properties. Each rigid
body has its transitional degree of freedom and the same rotational degree of freedom. Al
vertical movements are not considered in the analysis. As a result, the model consists of

four degres of freedom, three transitional and one rotational (see Figu4)2.2
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Figure2.2-4: DISC CGonveyance mod€Krige 1983)
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For each degree of freedom, an equation of motion could be presented in its

simplified form, neglecting the damping effect, as follows:
M10 + As0 - KeaU - Keal + Age =0
M20 -Ke0 +A70 + 0 + /A =0
M30 -Keaa0+ 0 +AUL +Age =0

lre -A10 + A20 +A30 +Ase =0 Equation2-13
where: A=Kei— + Kz Q - KeaQ - Kea—

A2=Kei— + Keo— - Kez— - Ke3Q

A= KeaQ + Kea— - Kes—- Kesg—

As=Kes—Q +Kez'Q +KesQ +Kea—Q
As=Ke3+ Kea

As=Kc3Q - KesQ

A7= Ker+ Ke2+ Kz

As=KQ

Ag=Kca+ Kes+ Kes

A10=KcsQ

Keis the effective stiffness of the wheels and guidess the stiffness of the sway
connections, d is the height of each mass or the distance from tbethgymiddle mass,
as shown in Figure 22, M is the mass of each skip pdrtis the moment of inertia of
the mass of each rigid body, is the displacement degree of freedom of naasde is

the rotational degree of freedom of the total mass.
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Using a stegby-step numerical method, the previous equations is used to solve for

the wheel load and the natural frequency of the conveyance system.

2.2.2  Skip ll
SKIP Il'is a computer model set up by Colorado School of mines, as described in
Krige (1983).The program set up is similar to DISC program, but with some differences.

These differencearelisted as follows:

1. The guides aremodeledas a simply supported between two ridgidntons
Comparing with DISC program, the guide stiffness is a function obtimons
stiffness.

2. The conveyance isiodeledas a threelimension rigid body. Which is different
from DISC program as three connected masses in the plane of the two guides.

3. It also does not take into consideration the guide mismatch or wheel irregstlaritie

4. SKIP Il also use@ stepby-stepnumerical method.

By comparing the results of these two models, despite the different assumptions
used, the results of both computer programs were sifoil@naximum bunton force and
maximum guide displacementhe guide inertia was the same for both models. The
naturals frequencies were different as SKIP Il simply calculated the inverse of the period
that the conveyanctakes to travel between the twbuntons The wheel loads were
comparable in both programBigure 2.25 presents the results of four different cases
using both programs. The similarity in wheel loads produced by each of the programs

indicates that the assumptions used in both programs are reasonable.
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Figure2.2-5: Comparing the results from DISC a8&IP Il (Krige 1983.
2.2.3 SLAM

As discussed in the inactireller configuration earlier in this chapter, SLAM

computer program was created to calculate the extreme slam load created by the slippers
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located on the side of the skip. Detailed informationualitee program was found in
COMRO (1990) mineshaft steelwork design guideline. The program integrates the
equation of motion at amall timestep to evaluate the forces on the steelwork during

impact. Figure 2.5 presents five different slamming events fioe same skiguide

configuration.

Each of the curves presented in the figisr@associated with a different initial
contact location on the guide. The ficgtrve the initial contact occurred 20% of the
distance between the twmuntons the second is at 40% etc. The most critical event
occurred when thskip was closest to the bunton. The last curve shows the impact at the

bunton which is not as severe as just before the bunton event (80%).
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Figure2.2-6: Slam force diagram on different location:
the skip slipper on the steel guide (COMRO 1990
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To build the equation of motion, SLAM used an approximation method while
reducing the skiguide system to a single degreefafedom (SDOF) system. Some
assumptions were made based on previously completed researched systems as discussed
to this point in the chapter. To create this equivalent SDOF system, multiple parameters
needed to be calculated such as effective mass, ieffestiffness and effective applied
force. This phenomeon will be explained in the design procedures of the mineshaft

steelwork provided by the COMRO guideline (1990).

2.3 Design procedures

To facilitate the design procedure, shafts weategorzed according to the
frequency of mine maintenance. The maintenance includes realignment of guides and

adjusting the rollers. The shafts are categorized as shown in Taldle 2.3

Table2.3-1: Shaft Category, Design and Performance Parameters (Comré
SANS 102084).

Without

With Rollers Rollers

Maintenance Category: A B C D
Good Average Poor

Maximum guide mis-
alignment at bunton (e) 5 mm 10 mm 20 mm 20 mm
Maximum guide
gauge variation (Aa) +3 mm +5 mm +10 mm +5 mm
Decelerometer data <5 m/s? 5-10m/s?  10-20m/s? <5 m/s?
Frequency of
realignment 3 months 6 months 1 year 6 months
Slamming event
frequency 5% 10% 20% 100%
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In Table 2.31, shafts aralivided ino four different categories. Each category
demonstrates the maintenance, realignment frequency and their effect on guide
misalignnent and slamming dat&omrosuggests that designers should consider using a
more conservative category while calculating the slamming load. The example provided
in AppendixA use category C, with a maximum guide misalignment 20mmgange

10mm, resulting in thenaximum expected slamming load for the mineshaft design.

2.3.1 Shaft geelwork design
After deciding the category of the shaft, the desigteruld design the shaft
steelwork while taking into consideration that the shaft could:
1 Minimize the probability of slam events.
1 Does not fail due to fatigue or under extreme dynamic loads.
1 Ensure that the skip would be guided at all times.
The following guideline provided bZomro (1990 describes the calculation

procedures tensurethe design of a safe steelwork satisfying the previous criteria.

2.3.1.1 Steelwork giffness

To predict the maximum bunton force and deflection, multiple parameters needed
to be determined in the calculations related to every shaft steelwork and skip. iestly, t
steelwork stiffness, the effective stiffness, is essential for the calculation of the dynamic
response of the system. The steelwork stiffness could be divided into two: stiffness at the
guide midspan  and guide to bunton connection stiffnesg.(€omputer calculation is

recommended tanalye the steelwork stiffness.

In the caseof flexible skip,where the stiffness of skip is relatively smakhe

stiffness of the skip gk could be used to estimate a new effecbuatonstiffness. The
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stiffnessshould be calculated at the slipper plate mount and iplameof the slamming

load. This effectivduntonstiffness could be calculated by putting bunton stiffngssd

skip stiffness kin series (Equatio@-14). On the other hand, if the skip stiffness is very
high, the bunton stiffness will be used in the calculations and skip stiffness will not be

considered in the effective stiffness calculafisee the analysis section of this chapter)

Ko) _— Equation2-14
As discussed in the inactireller configuration, it is clear in the previous formula

that the guide stiffness is not considered in the effediiffness. The guide stiffness

would be considered in calculating the impact and the rebound velocities.

2.3.1.2 Effective Kkip mass

During slamming events, the skipb6s 1 ne
location on the leading corner of the skip. Themeuld be two degrees of freedom
associated with the skip system. The first degree of freedom is the transitional degree of
freedom acting on the center of gravity of the skip. The second degree of freedom is the

rotation about the center of gravity. Thishavior is similar to system 4.

The new effective skip mass is calculated as follows:

a —_ Equation2-15

where: me is effective skip mass during impacts s total skip mass, is the mass
moment of inertia of the skip through the skip c.g. and about an axis normal to the plane

between the guides, and h is the vertical distance between thegsiapd the corner at
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which meis effective or the distance beten skip c.g. and the slipper located at the skip

corner (see Figure 2B).

Corner at which
/ mass is effective
r 9
\__/ i
Skip centre of gravity
of mass m jand moment 4+—+4——p»0 N
of inertia I -

Figure2.3-1 The Geometry of the mine skip and the location o
effective mass (COMRO 1990)

2.4 Analysis

To facilitate theskip behavior analysis, COMRO (1990) provided a list of

parameters that could be defined as follows:

The ratio between the bunton and the midspan guide stiffngsis (used to
facilitate the slam load calculation. This ratio is always bigger than 1 as the bunton is

much stiffer than the guide.

N =— Equation2-16

In case of flexible skip, the bunton effective stiffness could be used instead of the

bunton stiffness.
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The maximum impact velocity (u) is calculated as shown in the following

equation:

u=—o Equation2-17

WherelL is the distance between tvbointons v is the skip hoisting speed, and e is the
maximum guide misalignment depending on the maintenance frequency (see Table 2.3

1). A ratio of rebound velocity to the impact velocity u could be also representgd as r

To generalize the impact calculation, multiple febmensional factors could be

introduced:

f Q= nondimensional steelwork stiffness at bunton

Q=— Equation2-18
q 0= nondimensional bunton force
0=— Equatior2-19

where P is the bunton impact force.

1 17 = nondimensional skip displacement

7 = Equation2-20

where] is the skip displacement relative to steelwork in meter.

f 0= nondimensional guide bending moment
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Equation2-21

where: M is the guide bending moment in N.m.

Knowing the steelwork stiffness ratig)and the nosdimensional stiffness of the
steelwork bunton (Q , FiguresA.2-1 to A.2-4 (see Appendix Axould be used to
determine all relevant steelwork parameters. Note these figures are only for u/v = 0.005.
For different u/v, a correction factor should be applied to Bnd M = 2e/0.005L. The
example, provided in Appendi, illustrates the procedure for designing the steelwork

of a mine shaft without taking into consideration the roller and fatigue designs.

The slippers should also be designed for taigpadings. fie designer should
consider the fatigue loadbased on thesumber of impact event®\ccording to the
Commentary on SABS 0208(2001), the slipper platempactloads occur 10% times of
the hoisting cycles. In an average minesté,mpact event could occu0DO times per

year.

2.5 Dynamic response usingdNewmark b method

Up to this point of thighapter, an extensive understanding for the dynamic behavior
of the skip/steelwork system was presented. Also, the C{I8a9D) guideline was used
to evaluate the impact force in a skip system after approximating the system to a SDOF
system with an effective mass, effective stiffness and an initial impact velocity. In this
portion of the chapter, three different numericatinods will be presented to evaluate the

dynamic behavior of the SDOF system as presented by Bifif). One of these
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numerical methods will be used to check the analysed example in App&ndith
Comro guideline.
2.5.1 Building the SDOF model
The single degge of freedom system, as presented in Figird 2consists of an

effective mass of the skip, effective stiffness of the bunton and skip, and initial velocity
which will be considered as the impact velocity of the skip. For this system, the applied
force has a very small time interval, thus, the force could be replaced by an impact
velocity. The equation of motion could be presented as follows:

G ® Qo "Qo Equation2-22
wherey is the mass displacement abd the mass acceleration.

0w &w «—-|

Q

"Qo

gf////ﬁ

Figure2.5-1: Single degree of freedom set up

The damping effect of the system is not considereddaed not affect the initial
impulse of the system vibration. The applied force is considered equal to zero and replaced
by the skip impact velocity (u) wch could be calculated usingjiation 216. The spring
force ky is assumed to have a linear spricanstant equal to the effest stiffness
calculated using guation 214. The effectivenass could be calculated usingu&tion 2

15. The equi@on of motion as presented img&ation 221 could be solved using step by
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step to determine the variation of depement and the change in acceleration. Biggs

(1964) presented three different methods to solve the equation of motion:

1 Constant velocity or lumpeiinpulse.
9 Linear acceleration method.

1 Newmarkb method.

The equation of motion could be solved step bp stethod starting at zetone
when the initial velocity and displacement are known. The time scale is divided into small

intervals which simplify the calculation of displacement from one interval to another.

2.5.2 Constant velocity or lumpedimpulse
This analysis considers a constant acceleration between two time steps. Fagure 2.

2 presents the analysis of the displacenrtiem variation for a single degree of freedom.

Figure2.52: Numerical Integration using constant velocity method (Biggs :
The displacemento is the mass displacement at time s and is the

displacement at time lwhich were previously determined. The accelerafionat time
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s could calcula® using the equation of motion. The displacement could be
determined using the following equation:

w =0 +w YO Equation2-23

wherew is the average velocity between time stations s and s+¥@sithe time steps

between the station& could be determined by:
® —5—+® YO Equation2-24

The average velocity could be presented as the average between the velocity at
time s1 and s added to the increase in the velocity exercised by the acceleration of the
system in the time interval while assumidg is the average acceleration over the
interval. Using these approximation, the curves into straight lines facilitate the calculation
of the displacement on the next time station. Substitutinémn 224 in 2-23:

O = 0 w YO?2 Equation 2-25

Although, Eaiation2-25 is approximated, but it could present an accurate solution
by minimizing the time ste® Tt . The solution in this situation approaches the exact
solution however, the number of computations will increase. In most cases, to find an
accurate solution with less computation, the time step could be assumed equal te the one

tenth of the natural period of the system.

In some casexp has no value as thenalysis could start at t = 0 where
different approach should take place to progress with the analysis. Two different
procedures could be used. First, the acceleration could be assumed to be linear on the

first time interval. The displacement could be oldted:
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W =- CW w YO? Equatiorn2-26

w =-w YO? Equation2-27

However, Eqation2-27 should be used if the dynamic problem does not have
an external force. Therefore, the acceleration will be equal to zero. In case of problem
instability or convergence, more accurate methods could be used. The following
numerical methods satisfy greatee@sion for the same time step used in the constant

velocity method.

2.5.3 Linear-acceleration method
This method is a small adjustment for the previous constdatity method by
assuming a linear aceghtion function (see Figure 23. If the acceleratiors assumed

to be linear between two time steps, the acceleration could be presented by:

W W ——(© o Equation2-28

W W w 0 O ——(0 0 Equation2-29

The velocity at s+1.:

| <

() () Equation2-30

The displacement at s+1.:
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@ =% & Y0 I-ch @ Equation2-31

The velocity at s as presented inuaton 230:

| <

() () Equation2-32

Equation 231 and 232 are the basis for the linear acceleration numerical method.

-

\-Assumed ¥

<
1
I
|
|
|
I
|
I

!
§+1 ¢

Figure2.5-3 Linearacceleration approximation (Biggs 19€

As presented in R@tion2-31, in orderto obtainw  , @ should be obtained
first. Nonethelessp is also dependinga®d . To solve this problem, the equation

of motion should be used:

W — - Equation2-33

By combining Equation-33 and2-31:
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() = v Equation2-34

The newly @veloped equation along with Equati&+82 presents a direct solution for

@ . This method solves the dynamic problem more accurately.

254 Ne wma miethol
A multipurpose method developed by Newmark that could be adjusted to satisfy

different problems. The equations created by Newmark:

| <

W @ W W Equation2-35

9]

And o = Y0 - 1w YO o YO  Equation2-36

I could be selected depending the assumed acceleration in the specific time step.

The value selected affects the convergenceényetime step, the stability of the system,

and the amount of accuraqy.value could be affected by the time step val&fter

investigating the method, the best results could be obtainpeid ibetween- and- and

YQs between and- of the shortest natural period.

2.5.5 Numerical integration by spreadsheet
A spreadsheeatvas developed using the information provided by Chopragj2o
reformul ate Newmar kds euptiora2t35 to prevent it€dtionp r a

using incremental quéties as follows:
Yo k @ W Yo k @ W Yo k @ W
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)

YQk "Q Q Equation2-37

These incremental forms are used for the analysis ofinear systemSubstituting the

incremental forms in Beption2-35 & 2-36:

And Yo o YO — & Yo YO Equation2-38

The acceleration incremental formpigesented as:

Yo 7 Yo 5 W —0 Equation2-39
Substituting Egation2-39 in Equation 238:
N —~ Yo - @ Y0p — Equation2-40

Equation 239 and 240 could be substituted in an incremental equation of motion:

[ Yoo Vo y'Q Equation2-41

o y'Q Equation2-42
where

T 0 y—i Equation2-43
And
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YyQ YyQ —y('x W +—aw Equation2-44

With 'QandY’Q are calculated knowing the mass and the stiffness of the system and the
initial velocity and acceleration at the beginning of the first time step. The incremental

displa@ment is calculated:
Yw — Equation2-45

After calculatingY® using Egation 2-45, & ®& '@ are be computed using

Equation2-39 and Eaation 240. Theacceleration of the next time step is calculated as

follows:
(%) & Equation2-46
Two special cases for Newmar kdés met hod
f The averagacceleration method by substitutiig (- - 8
f The linear acceleration method by substituting (- f - 8
The following steps were used to build

method (Chopra 2011):

a) Initial calculations:
i.  Calculatingthe initial acceleration using Hgtion 246.
ii.  Select time step suitable for the system.

i.  CalculatingQusingEquation2-43.
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iv.  Caleulating:®d —d ando —a

b) Calculations for each time step (s):

v

LYQ YQ  On +Ow

o, y
i Yw —
i. Yo —~ Yo —w @ Y0p —
v Yw 5 Yw _S" W — W
V. W Yo ,® W Yo ,® W )

c) Step b will be repeated for every time step.
The spreadsheet was built using the follonwdisgumptions:

1 The effective mass calculatedAppendixA was used as the mass of the
system.
1 The effective bunton stiffness calculatedAppendix A was used as the
systembs stiffness. The stiffness wa
1 The initial velodty of the system was assumed equal to the impact velocity
calculated iMAppendixA.
1 The initial acceleration, initiadlisplacementand the external force were
assumed equal to zero as, at time zero, the skip and the bunton would act
as a single system #tte initial contact.

T To transfer Newmar kos met hod to | i ne

of [ @ & MQwere used & Qrespectively.
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A sample of the gpadsheet, used to calculate the exampldppendix A, is

presented ifrigure 2.54.

me 23721.15|Kg B 0.17

kbe 6794599.11|N/m L 0.5

w 16.92|rad/s At 0.01|s

Cor 802933.88|Ns/m k(bar) 1.43E+09

a 14232690 Yy max 0.003|m
47442.3 F max 20092.99|N
time (s) |P(t) P(bar)i+1 Yy y' y" F=my"

0.000 0.000 0.000 0.050| 0.000 0.00
0.010 0.000 711634.50 0.000 0.049| -0.143 -3381.16
0.020 0.000| 1402982.05 0.001 0.047| -0.281 -6665.93
0.030 0.000 2054334.04 0.001 0.044| -0.411 -9760.67
0.040 0.000 2647122.01 0.002 0.039| -0.530 -12577.16
0.050 0.000| 3164447.05 0.002 0.033| -0.634| -15035.10
0.060 0.000| 3591561.49 0.003 0.026| -0.719 -17064.43
0.070 0.000| 3916289.35 0.003 0.019| -0.784| -18607.30
0.080 0.000| 4129373.44 0.003 0.011| -0.827 -19619.71
0.090 0.000| 4224739.25 0.003 0.002| -0.846 -20072.82
0.100 0.000| 4199668.14 0.003 -0.006| -0.841 -19953.70
0.110 0.000| 4054874.82 0.003 -0.014| -0.812 -19265.75
0.120 0.000| 3794487.00 0.003 -0.022| -0.760 -18028.58
0.130 0.000| 3425927.69 0.002 -0.029| -0.686 -16277.46

Figure2.54 A Sample Calculation for the SDOF Spreadsheet

The spreadsheet presents the step numerical analysis for a single degree of
freedom system. Atirhe zero, as shown in Figure 245 the initial displacement and
acceleration was assumed equal zero. The initial velocity was considered equal to the
impact velocity calculated iAppendixA (0.05m/s). The maximum bunton force (F max)
calculated as the maximum acceleration that theesyst r eac h (y 0) mul ti
effective mass (g) was found equal 20,092 N. A small difference between the calculated
bunton force inAppendixA (20,756 N)and the force calculated using the spreadsheet
(20,092 N as the result calculated AppendixA was obtained using a graph presented
by the Comro guideline. Figure 2% presents a graph of the bunton force harmonic
behavior calculated by the spreadsheet. The maximum deflection (y max) calculated

using the spreadsheet is equal to 3 mm. On the otret, the guide maximum guide
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deflection calculated in section 3.5 was equal to 5.6 mm. The reason behind these different
values of deflection is: the maximum deflection in the spreadsheet was calculated at the
bunton location but the guide maximum deflentiwas calculated using the SLAM
program using the assumption section 2.1.2Inactiverollers configurationand
presented in Figure 213. The maximum guide deflection does not occuhatounton
location. Figure 2.% presents a graph of the deflentivarmonic behavior calculated by

the spreadsheet.

25000 -
20000 -
15000 A
10000 A
5000 A
0
-5000 -
-10000 -
-15000 +
-20000 H

-25000 -
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (s)

Force (N)

—e— Impact Force

Figure2.55 The bunton force harmonic response as calculated by the spreadsheet.
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-0.003 A

-0.004 -
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
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Figure2.5-6 Thedeflection harmonicesponse asalculated by the spreadsheet.

The spreadsheet was built to compare the data calculated using thegDataloe
and estimate the dynamic behavior of the dynamic test explained in Chapter three. The
damping behavior of the system is not considered as damping wilffiect the initial

impact farce magnitude.

2.6 Conclusion

In this Chapter, the dynamic belavof the skip/steelwork system was discussed

including the factors affecting this behavior. These factors could be summarized as

follows:

1 The misalignment of the shaft guide.
1 The buntonskip,and guide stiffness.
1 The mass of the skip and the hoistirgdocity.

9 The distance between two consecutive buntons.
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In extreme cases, the bunton and skip stiffness are relatively high. This higher skip
stiffnesscould befound in the balancing weight behavior (B1) presented in Figule-
1. Where the balancing wéighas higher stiffness than the skip (A1&A2) or man cage
(C1). Also, the bunton stiffness is much higher as it is a fixed concrete bunton, less flexible
than the cantilever bunton used in Skips A1&A2. The hoisting speed could be higher
reaching 15 m/s, thdistance between the buntons and the guide misalignment could, also,
increase the impact velocity of the skip which would increase the bunton force. The mass
of the skip has a great effect on the dynamic behavior. The skip mass could36ach

tons.

This research was conducted to reduce the bunton force in extreme cases. One of
the ways to conduct this reduction is by reducing the skip stiffness at the slipper location
which will reduce the bunton effective stiffness and the bunton force. The skigssiffn
could be reduced by adding a flexible slipper on the sides of the skip. This flexible slipper
could reduce the effective bunton stiffness and the bunton impact Tdredollowing
chapters will discuss the new design of this flexible slipper incluttieglynamic test of

the CDP material.
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3 Chapter 3 Exrpeaddiernda al

The experimental program consisted of two testing regimes: $tatipressive
testand Impactest This chapter provides details on the testing method and the equipment

used to condict both tests including the data acquisition systems.

3.1 Static compressive test

This test is designed to determine doenpressiorstressstraincharacteristics of
rubber bearing pads under static compression or low strain rate loading. This research
focuses on Cotton Duck Rubber Pad (CDP) as discussed in previous chapters. Samples
used in this test was provided by a singknufacturenot takinginto consideration other

manufacturers.

3.1.1 Equipment description

This test measures the compressive stiffness aEbe Deflection is measured
as the reduction o€DP thickness. The force is measured while applying a constant
deflection rate for th€DP. The followingequipment wasised to perform the test:
3.1.1.1 Universal compression testing rachine: Instron (see Figure 3.41):

The machine consists of a moving head andmonring bottom. The moving head
is used to apply the load on tl®P specimen while the nemoving bottom holds the
specimen in place. The moving head containgd &l with a capacity of 250\kwhich
was calibrated prior tthetess. The load cellvasused to measure the load applied to the
CDP specimen.The movement ratef the head was dermined depnding on the
thickness of the CDBnNd the strain rate needed to test the effect of different strain rates

on different rubber pad sizeBhe test machine usually moves with the speed needed to
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produce the specified strain rate. This movement could result in an initial impact between
the machine and the specimen, as the machine starts moving before touching the
specimenTo prevent applyingnimpactforce to the specimen, a 100 N compressive
force was applied to each specimen with a rate of 5 mniieforestarting the tesfThis

will prevent unnecessary measurements at the beginning tdstso that the acquired

data will describe the actual test of the specimen.

3.1.1.2 Defectiongauges 2 Linear variable differential transformers (LVDTSs)
(see Figure 3.12):

The two LVDTs are used, to prevent the effect of plate tilaffgcting the
accuracy of measuremeniche LVDTSs are used to measure the deflection on both sides
of the specimen and an averagfethe two gaugesvas calculatedor usein the data
analysis. The LVDTs were calibrated with a military heigatige(see Figure 3:B).

EachLVDT hasa maximum deflection of ®mm

Figure3.1-1 Universal Compression $gng Machine (UCTM)
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Figure3.1-3 LVDTs calibration using a military heightagge

65



3.1.1.3 A high-speed camea (PFV ver 2.0) (see Figure 3:4)
This camera was used in the static test to check the displacement and ¢bmpare
Digital Image Correlation (DICgalculated deflectioto theaverage deflection from the
LVDTs data. This comparison was then used to check the accuracy of the camera to be
used latefor measuringhe specimen deflection in the impact tests. After multiple trials,
the most accurate disigement datdfor this camera)was found using the following
specifications:
1  Minimum 1 m distance between the object and the camera for good focus and
plane picture.
1  Maximum frame rate: 5000 frames per seconds.

1 Minimum resolution of 12880 pixels Thisresolution could vary depending on

the frame rate.

High-Speed |
— Camera i

(A

| g

Figure3.1-4 High-speed camera and light source.
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3.1.1.4 A source of light
The source of light providea higher lux for the specimen to acquitdeo and

pictures forDIC more effectively (see Figure 34).

3.1.2 Data acquisition

The Instron machinewas connected to a computer program recording the data
acquired by the load cell and both LVDTs. The computitwsoe processdthe data and
soredit in a table form for further analysis. Tlgh-speedcamera was connected to
another computdp record the frames needfed analysisusingdigital image correlation
(DIC) with aMatlabprogram Theuse ofDIC will be discussed extensively in the impact
testportion of this chapter.

3.1.3 Samples preparation

In the static compression testethalf inchthick specimensvere cut into square
40x40 mnd specimens using a band sale 12.7 mm thick specimens were bonalh
epoxyresin(ASTM D-4236)to form different specimen thicknesses: 12.742&nd 50.8
mm (see Figure 3:3). These three sizesweselected o eval uate the shap

on the strength of th€éDP, as discussed in Chapter 1.

Figure3.1-5 Three specimen size¥2.7, 25.4, and 50.8 mm
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The following table presents the number of specimens used for every loading rate.
These loading rates are used to examine the effect of different strain rate on the behavior
of the CDP . Twenty-eightspecimens were used to examine static compression properties
of the material The numeric system and the measured sizes of the specinkebs wi
discussed in Chapter 4.

Table3.1.31: Number of specimens used in every loading rate

Pad Loading Rate

Nominal size 12 mm/min | 80 mm/min | 200 mm/min| 400 mm/min
40x40x12.8 4 4 4 4
40x40x25.4 4 4
40x40x50.8 4

For every loading rate and specimen thickness the expected strain rate could be
calculatedusing Equation & and presented in Table 3.23
Expected Strain Rate = loading raté0/specimen thickness Equation3-1

Table3.1.32 Loading rate and expected strain rate for each CDP thickness

SpecimerThickness| Loading Rate (mm/min] Expected Strain Rats?{)
(mm)
12.7 12 15.75¢103
80 105.00¢<10°
200 262.5(¢10°
400 524.9x10°
25.4 200 131.20¢10°
400 262.5(x10°
50.8 400 131.20¢10°
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These various speci meno6s prdvidecakciemesr s e s

understanding of the CDifehaviorand propertiegrovidingthatwill be used as a basis

to be compared to the dynamic properties of the CDP.

3.1.4

Summary of the test methodology

The test procedure used is describedollows

T

3.2

The specimens were cut into the specified dimensions using a band saw as
previouslydescribed irbection3.1.3

The specimens wereenteredbetween the two LVDTs to maintain an accurate
deflection recording. The specimens weeaterednside the UCTM to maintain

a well dstributed load (see Figure 32).

Using the computer program associated with st machine, the loading rate,
maximumload and maximum deflection were specified to maintain a safe and
effective test procedures.

Before starting a test, the LVDTs and load cell were extto acquire the data
starting from zero points.

The data fronthe load cell and the two LVDTs were recordedabular form
during the test ansavedfor further analysis.

The recordeddata was used toonstructstressstrain curve for each specimen

and loading rate.

Impact test

This test was designed to determinghe compression force-deflection

characteristics of rubber bearing pads under impact or high straitogali@g. This
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research was conductexh the sameCotton Duck Rubber Pad (CDP) as discussed in

previous chapters.

3.2.1 Summary of test method and equipment

This test measudethe compressive stiffness of the rubber under impact.
Deflection is measured as the reduction of rubber thickness.

3.2.1.1 Modified Charpy impactloadtest

Preparing the Charpy machine:

The Charpyimpactorwas originally used to test the maaérductility under
impact load aspecifiedin the ASTM Standard Test Methods for Notched Bar Impact
Testing of Metallic Materials (E23)n this test, awingingU-shapechammerstrikesthe
sample in two locations causing the bending of the sample fuatiure. The gauge
recordshe amount of energy absorbed by the sample to measure its ductility. By adding
a thick plate to th&)-shapedammer and modifying the part holding the sample (support),
the Charpymachinewastransformed to an impact machine.

Modifying the hammer:

The most important parameter for plaiesigni s t he pl ateds stiff
the platemeansless plate deformation and the impact event would only measure the
properties of the rubber sample. The stiffness was calculatddegaseo f usi ng a
(25.4mm)thick plate is equal to 2.373°N / m a n d (50.8mm)thick p&at is equal
to 1.90&10°N/m. Both steel plate thicknesses could be used to transform-shapéd
pendulum hammer to a surface impact tool without affeciagmpact dataFor this test,
the 10 (25. 4 mnhe hamimaeneplate arangentert dsed for the tests is

shownin Figure 3.21.
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The swinging hammer is used to apply the impact load on the rubber specimen.
However to keep theubberspecima from moving, a nomoving support waadded to

the test mechanism

Steel Plate

Figure3.2-1 Thehammerand plate arrangement for impact measuret

Non-moving support design:

A thick steel plate was mounted to a steel fralpodted to the strong flopto act
as noamoving support for the impact test. The support design requiremamesas
follows:

a) The sipportwasmounted tahe strong flooso that the readings would not

be dfected by the framgibrations

b) The supportvas assumed to haaéigh stiffnessso the data measured during

the impact test would only measure @BP properties.

c) The loadwasapplied perpendicular the specimen.

d) The supportwas adjustable to accommatk for the change in specimen

thicknesses.
To satisfy the previous requirements, the suppornponents were

designed as shown in Figure 32and described below:
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b)

d)

To maintain a perpendicular load, without inclination, spherical wasleses w
used to remee anybolt inclination errorgFigure 3.22a).

Onel 1diagétebolt used to mount the steel platehesteel frame fixed

to theconcretgground(Figure 3.22b). The bolt was used to hold the load cell

in place.

Two steel plates to increase the total stiffness of the support and prevent direct
impacton the bolt, providing amoothsurfaceto mount the specimeihe
mating surfacesof the two plates were surfaggoundto ensurea good
transfer of load between tipdates and reduce friction losses (Figure 242

Eight small lolts were used to hold the two plates toge(Regure 3.22e and

).
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Figure3.2-2 Support design: (eBpherical washergb) the waker, bolt, ad first
steel plate. (c) fie hole in thesteel plate so the bolt could be easily mounted
the steel frame. (d) Two steel plates surface ground to reduce friction betw
plates. (e) Eighbolts to connect the two plates together. (f) Final look for t
support and the space needed for the load cell and adjusting steel wast
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The modified Charpy machine, including the modified hammer andtipgort
is shown in Figure 3:3. The body of the Charpy machine (the green franesalso
mounted to the steel frammsupporting the nheamoving portion of the test machinie

prevent the movement of the machine.

Connection

between the

fixed steel
frame and the
Charpy frame.

Figure3.2-3 Modified Charpy, Impact Testing Machine.

The Charpy machine provides two release positionshispendulum hammer
The original impact energy for both positions, as provided by the impact gaage,
169.4 joules and 406.7 joules. Theséuga are irrelevant in the new configuratias

there is a change in the hammer mass by adding the steel plais@m@dchange the
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support configurationfsee Figure 3:2). The tworeleasepositionswere usedo provide

different impact forceto measure the rubber properties under higher strain rates.

Figure3.2-4 Two pendulum hammer positiofw the Charpy machine

An accelerometer was mounted on the ham
of the hammer to calculate the applied impact force. To verify the data from the
accelerometer, a load cell was locatetha supportThe following section will discuss

these sensors in more details.

3.2.1.2 Two sensors an accelerometer and a full bridge load cell:
A one dimension shock accelerometer designed to measure up to 5000 g
(equivalent to 49050 m/§ (see Figure 3:B), used for testingvas calibratedoy the

manufactuewith a calibration factor of 0.263 niV/g. The accelerometer was mounted
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to the back of the steel plate fixed on the Charpy hanusieg a tapped hole to accept
the threaded studt the base of the acceneter To calculate the impact force on the
specimenieasurednass of the hammer and plate was multiplied by the acceleration data

acquired during the impact event. The hammer total masequalto 35.7 Kg.

A

Figure3.2-5 One Dimension Shock Acceleromete

A customized full bridge load cell was used to check the data acquired by the
accelerometer. The load cell was fabricategith four strain gauges mounted on the load

cell to form a full bidge using a Wheatstone bridge configuration (see Figuré)3.2

Figure3.2-6 Wheatstone Full Bridge compression configuration (NIG01
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Theexternaly applied voltage (Vexyf 10V used in this test. The data acquisition
system would acquire the output voltage (Vo). Vo, iruta, will measure the change in
resistances, representing the strain gaugesRARRs, and R. The total resistance of the
system was initially equalto®Y . The | oad cel |l 6s funaipnaci t vy
of the area and found equal to 320 KN. The load cell was calibrated using asahiver
compression testing machinkhe calibration equation was found as follows:

LC = 208295357 V + 1404259 Equation3-2
where V is the acqred voltage from the load ceRigure 3.27 shows the final load cell
configuration The overall testset upcomplete with the load cell, accelerometer and

hammeris presered in Figure 3.2B.

Figure3.2-7 Custom?zed Full Bridge
Load Cell.
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Accelerometer
mounted to the
steel plate from

inside the
hammer

Figure3.2-8 Overallsetup foraccelerometer and loaéltin modified Charp
testing machine.

3.2.1.3 Two steel washers with 25mm and 37.5 mm thicknesses

To accommodate the change in specimen sizes and to maintain the impact load
perpendicular to the surface of the specimen, two steel wasme2&mmthick andthe
other37.5 mm thickwere fabricatedsee Figure 3:B). These washers were located at
theloal cel |l 6s | ocation to adjust the support
on the specimen withotiaving to movehe Charpy green frame. The 25mm washer was
used to adjust the support location of the 25.4 mm samples. The 37.5mm washer was used
to adjust the location of the 12.7 mm samples. The washers have an extended edge to hold
the load cell in place so that the load cell trarssfiee load completely from the plate

through the washer to the support.
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Figure3.2-9: Two washers with thicknesses 25 mm and 37.5

3.2.1.4 The high-speed camera (see Figure 3.18
As previously describenh the static compression teshethighspeed camera
recorcedimages of different stages of the impacemt. These images would be used in

the DIC analysis.

3.2.1.5 A Source of light
The source of light provided higher lux for the specimen to acquiideo and

pictures forDIC more effectively (see Figure 34).

3.2.2 Data acquisition

Two data acquisition systemere used in this test:

NIcDAQ-9172 series (Osee Figure 3:20) was used as the data acquisition
system for these tests. A NI9205 strain gauge card wasaseanitor load through the
load cell. A NI9237 card was used to monidaceleration of the hammerhe data was
recorded at sample rate of 50,000 samples/second for each measurement. More

information is provided in Appendii.
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Channel-

Figure3.2-10 NI cDAQ-9172 model and both NI9205 ahNd9237 Cards

A high-speed camera was used to monitor the side view of the specimen during
impact response. The camera recorded 5000 frames/second. These recorded images were
used to measure displacement response using digital coegdation. he digital image
correlation was used to measure the CDP deflection. Digital image correlatiohiie a
light techniquebased on comparing images before and after deformation of the sample
by comparing the degree of white colour in eachepof the picture. To facilitate the
pictures comparison, a common method was used to change the colour of the specimen
surface to form a black and white random pattern. This method is called speckling. The
speckling procedures is discussed in the specimpeparation portion of this

experimental program. A monochromatic camera could be used to capture the stages of
the test forming an array of pixels for each picture. Detecting the movement of pixels was
facilitated by defining a greyscale level for eackep An open source matlab program

(NCORR V2) was used to calculate the movement of pixels in consecutive images to
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cal cul ate the deflection of the sampl es
accuracy could be achieved by using a highenéraate.
3.2.3 Samples preparation

Samples used for impact tests were prepared using the same method as for the
static test. The result was three different specimen thickneka&s 24, and 50.8 mm
(see Figure 3:1). In the impact tests, speckling allnsples was essential, creating a
random pattern to facilitate the DIC analydihis pattern could be produced by 2 different
methods: 1spray 2 airbrush The sample wasoloredwith a whitecolor. Using a black
spray or a brush containing blacélor, black dots was spread over the white surface of

the specimen. Ae result should appear piesented in Figure 321.

Figure3.2-11 Random speckled surface

This patterrwasdeveloped byoloringthe background with white and then use a
blackspray to form a pattern of a mixed black and white specklespattern of theCDP
rubber is not ramaim, as it is formed with overlaying linésee kgure 3.212). Thslines
patterncould affed the digitalimage correlation, affecting in tern the displacement

measurement.
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The following table presents the number of specimens usetotbr Charpy
position The total number of specimens used forithpacttest was24 specimens. The
numeric system and the measured sizes of the specisdiasussed in Chapter 4.

These
understanding of the CDiehaviorand propertiesinder impact (dynamic) loading. The

following chapter will discuss the experimental results based on the methods used in this

chapter.

Figure3.2-12 CDP pattern before specklin

vari

ous

s p e Chammeposdiensvill give an kexterss/es e s

Table3.2.31 Number of specimens used for each Charpy position

Pad Nominal siz€

Charpy position 1

Charpy position 2

40x40%x12.7 4 4
40x40%x25.4 4 4
40x40x50.8 4 4

3.2.4 Summary of the test methodology

The tesfprocedurds described by the following steps:

1 The specimen was tinto the specified dimensions.

1 The specimen was speckled by coloring the surface with white color and using a

black spray to form a random pattern of black and grey dots.

1 The specimen wamountedo the support platperpendicular to the hammer
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The highspeed camera and the light was adjusted to acquire the needed pictures
for analysis.

The accelerometer and the load cell were connected to the NI €&&RDto

acquire to data needed

The hammer wakatched to either of the two positions.

Both Data acquisition systewere triggered at the same time.

The programs were designed to acquire
time required for extracting the test data.

The final acquired data was ugedbuild a stresstrain curve for the loading and

unloading for each specimen and Charpy location.
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4 Chapter 4 Experimental Results

This chapter discusses the experimental results for the testing methods presented
in chapter 3. Both methods were used to study the behavior of the Cotton Duck Pad (CDP)
material under static compression loading and impact loading. The CDP properties,
devdoped in this chapter, were used to design a new flexible skip slipper plate to reduce
the bunton slam load force as discussed in Chapter 2. This Chapter is divided into two
parts: Part one presents the results of 28 CDP sarsfa@iic compression tests thi
different loading rates; Part 2 presents the results of 24 CDP samplact tests with

two different Charpy positions.

4.1 Static compression test results

The 2B static compression tests were conducted using a universal compression
testing machine followig the static test procedures presented in Chapter 3. The testing
machine recorded the applied force measured using the load cell and the displacement
with two LVDTs. The data from both LVDTsre used to calculate the average
displacement. Before testinghe dimensions of each specimen were measured and
recorded (see Table 41). Each dimension was calculated based on the average of three
measurements. The average displacement, applied force, and the measured dimensions of
the sample were used to devestgessstrain curves for each sample. Every four samples
were used to create a lab report. Each lab report was used to describe the behavior of
CDPs samples with different strain rate and thickness combinatiensdmples names,

presented in dble 4.11, are described as: the letters show different samples for the same
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test set and the number used to define different test set thicknesses and loading rates

combination.

Table4.1-1: Dimensions, test type, and loading rate for each sample for tests 1 to 7.

Sample| Average | Average | Average | Area Test type Loading
name | measured| measured| measured| (mnv) rate
thickness length width (mm/min)
(mm) (mm) (mm)
A-1 11.80 42.60 40.70 | 1733.82] Compressior] 12
B-1 12.24 40.60 39.85 | 1617.91 Compressior 12
C-1 12.75 38.51 39.50 | 1521.15 Compressior] 12
D-1 12.52 40.70 38.80 | 1579.16| Compressior] 12
A-2 12.52 40.10 38.90 | 1559.89] Compressior] 80
B-2 12.73 40.20 39.80 | 1599.96] Compressior 80
C-2 12.80 40.90 39.90 | 1631.91) Compressior 80
D-2 12.54 40.70 39.90 | 1623.93] Compressior 80
A-3 12.35 39.80 40.60 | 1615.88| Compressior; 200
B-3 12.40 40.50 40.10 | 1624.05| Compressior| 200
C-3 12.60 39.70 40.05 | 1589.99| Compressior| 200
D-3 12.80 41.80 40.40 | 1688.72| Compressior; 200
A-4 12.50 40.02 40.50 | 1620.81] Compressior| 400
B-4 12.48 40.85 40.40 | 1650.34| Compressior] 400
C-4 12.53 40.45 40.75 | 1648.34| Compressior| 400
D-4 12.55 38.60 40.70 | 1571.02| Compressior] 400
A-5 25.10 40.50 40.20 | 1628.10] Compressior| 160
B-5 25.50 40.70 40.10 | 1632.07| Compressior| 160
C-5 25.20 40.50 41.00 | 1660.50] Compressior 160
D-5 25.30 41.50 40.50 | 1680.75| Compressior| 160
A-6 25.20 40.60 39.95 | 1621.97| Compressior] 400
B-6 24.85 40.00 40.20 | 1608.00] Compressior| 400
C-6 25.50 39.75 40.70 | 1617.83| Compressior] 400
D-6 25.10 40.35 40.20 | 1622.07| Compressior] 400
A-7 50.40 40.10 40.20 | 1612.02| Compressior| 400
B-7 50.35 40.50 40.20 | 1628.10| Compressior] 400
C-7 50.90 40.50 40.80 | 1652.40] Compressior| 400
D-7 50.30 40.30 40.10 | 1616.03| Compressior] 400

Detailed results for each test set are presented in lab repovided in Appendix

C. Each report present
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i Test descriptiorincluding the experimental set up as described in Chapter 3,
loading rate and specimen dimensions.

1 Test results for one sample including strain vs time for both LVDTs data (see
Figure 4.11) and stressstrain curve for both LVDTs data (see Figure-2)1
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Figure3.2.41 Strain rates from 2 LVDT and their average for sample A
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Figure3.2.42: Strain rates from 2 LVDT and their average for sample A

1 Stressstrain curvdor all four samplesand their average (see Figure-3)1
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Figure3.2.43: The Stresstrain curves of the four samples tested under 12mm/min
loading rate and their averaff@ 1-Average)

i Observations and discussioims each test

4.1.1 Discusson & summary
The lab reportgsee Appendix Cpresent the data for each test without comparing
the tests resultdn the following sectionshe effect of eccentric loading, comparison of

the results, and DIC results for static test are presented.

4.1.1.1 Effect of eccentric | oading

Due to eccentricity of loading for some samples, the difference between the
displacement acquired by the two LVDTs was ey large. The displacement at each

edge of the specimen was calculated. 2% of the total displacement difference was allowed
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between the two edges of the CDP specimen, to minimize the rotation effect on CDP
(Roeder 2000). If the difference exceeded 2%hef total displacement, the test was

canceledhnd the specimen was replaced with a new specimen.

4.1.1.2 Samples failure

As previously discussed, the test program was designed to test the properties of
the CDP material without failure. But, due to changgickness and loading rates, some
samples reached failure. Figure 4:1.presents examples of failures occurred during the
test. In general, the failure occurred at stresses greater than 100 MPa and strains greater
than 0.25 mm/mm. Only two modes of faguwere observedshear failure with an
approximate angle of #andfailure in the epoxy material used to bond the CDP 12.7 mm

in fabricating larger sample thicknesses.

As shown in Figure 4.1:1, the CDP did not exercise any oil secretion as
presentedri Lehman (2005). But it exercised a diagonal failure as shown in the figure and

some delamination.
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Figure4.1.11 Failure modes for 2 samples

4.1.2 Results comparison

To understand the behavior of the CBRterial under static compression test, a
comparison between the 7 conducted tests is presented in this section. Figuie 4.1.
presents the average stras®in curves for each of seven sets of tests compiled from the
compressive test data gathered fritra lab reports. The calculated strain rate for each
test, based on the average displacement readings from the two LVDTS, the measured
thickness of the samples, and the time of the test, were used to compare the behavior of
the material. Table 4.2-1 preents the calculated strain rate and the average E calculated
as the slope of the tangent line to the stetssn curve at stresses of 20, 45, and 70 MPa.
These stresses present the limits as provided by AASHTO standards (2012), discussed in
Chapter 1. T maximum allowable stress for CDP required by AASHTO is 20MPa
(3ksi), the minimum failure stress for CDP as required by AASHTO (2012) is 70 MPa

(10ksi), and 45 MPa was used to improve the analysis of the CDP behavior.
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Figure4.1.21: Average Stresstrain curves compared for the 7 static compressive tests.

Table4.1.21: Modulus elasticity calculated at 20, 45, & 70 MPa stress and strain rate.

0.15 20
Strain (mm/mm)

0.35

Tangent modulus of Elasticity, E
Test CDP thickness (MPa) at stress Strai_rl1 rate
Number (mm) 20MPa | 45MPa | 70MPa| &)

1 12.7 246.21 384.87 578.68 | 14.1x10°3
2 12.7 295.62 395.87 585.32 | 79.7%10°3
3 12.7 301.69 400.96 590.95 | 202.8103
4 12.7 302.78 394.95 579.58 | 403.%10°3
5 25.4 315.48 411.42 609.26 | 72.7x10°
6 25.4 324.45 406.76 592.70 | 171.7%10°3
7 50.8 261.47 391.74 | 590.08 | 119.6<10°3

The stresstrain curves, presented in Figure 2-1, shows the nctinear

behavior of the CDP. Figure 4212 presents the relation between E and the strain rates

at stresses 20, 45, and 70 MPa. Tangent modulus (E) at stress equal 20 MPa was found
approximately equal 300 MPa. Comparing the values of E at 45 MPa, the modulus of
elasticity of the seven tests wiasind approximately equal 400 MPa. Followed by E at

70 MPa was approximately equal to 600 MPa. In general, the small changes in strain rates
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did not affect major changes on the material properties. Additional CDP thicknesses
should be tested to investigathe behavior and compare more CDP shape factors and

strain rates.
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Figure4.1.22: The modulus of elasticity E values for the static test for each strain rate
calculated at stresses 20, 457& MPa.

4.1.3 DIC results for static test

The highspeed camera was used in the static test to compare the displacement
values provided by the DIC analysis with the data provided by the calibrated LVDTSs.
Multiple trials were conducted to measure the accuracy cfbekle sizes, the minimum
distance between the camera and the speckled specimen, the frame rate, the size of the
image in pixel, and their effect on the DIC analysis. The optimum accuracy was achieved

by the following:

1 A distance between the camera arelgphecimen equal to 1.8 m.

1 A frame rate was equal to 5000 frames/s.
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1 Animage size equal to 128x80 pixels
1 The speckle size was adequate.

Figure 4.1.31 presents an example of the accuracy satisfied by the criteria listed
above while comparing the displacem@rovided by the LVDTs and the displacement
data obtained from the digital image correlation (DIC) analysis for sanyile The
displacement obtained from the DIC analysis was similar to the average between the
displacement obtained by the two LVDTSs. tig 4.13-2 presents the images of the CDP

compression test as captured by the fsgeed camera and used in the DIC analysis.
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Figure4.1.31: Comparison between the displacement data calculated fromaAIgsis

and the displacement data obtained from the LVDTSs for samygle A

92



Figure4.1.32: The images captured by the camera to perform the DIC analysis for
Sample A7.

4.1.4 Conclusion

The compressive stattest results, as presented in this portion of this chapter,
described the behavior of the CDP under low strain rates. The small differencamin st
rates did not affect the behavior of the CDP. Although, the change in the shape factor of
the specimen adicted the behavior of CDP as the 25.4 mm thick specimens showed higher
stiffness than both 12.7 and 50.8 mm specim&his behavior was unexpected, for this
reason rore research needs to be conducted to explore the shape factor effect on the CDP
behavior.The DIC analysis, using the criteria presented in sectio3,A4vhs successful.
The same criteria were used in the impact test presented in the following part of this

chapter.

93



4.2 Impact test results

The impact tests were conducted using a modified Cheepyng machine
following the impact test procedures presented in Chapter 3. The accelerometer and the
load cell were connected to a data acquisition system recording the applied and the
reaction forces. The displacement was measured with the aid ofgthegeed camera
coupled with DIC analysis. The images were recorded by thespigbd camera using
Photon FastCam Viewer ver 2 program. The recorded images were analysed using DIC
to measure the CDP displacement. Before testing the dimensions of edotespeas
recorded (see Table 413. The measured dimensions of the sample, the analysed
displacement, and the recorded applied force were used to calculatestsamssurves
for each sample. A set samples were used to create each of six lab repbrisbEeport
discusses the behavior of CDPs samples with different thicknesses and Charpy position
combinations. ie samples names, presented abl€ 4.21, are described as: the letters
show different samples for the same test set and the number sdth&odifferent test

set thicknesses and loading rates combination.
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Table4.2-1: Specimens dimensions and Charpy positions for tests 8 to 13.

Sample Average Average | Average Area | Testtype| Charpy
Name Measured Measured| Measured| (mnv) position
Thickness length width
(mm) (mm) (mm)
A-8 12.16 40.25 41.20 1658.30 | Impact 1
B-8 12.40 40.65 40.10 1630.07 | Impact 1
C-8 12.27 39.72 39.85 1582.84 | Impact 1
D-8 12.32 40.60 40.35 1638.21 | Impact 1
A-9 12.47 39.75 40.05 1591.99| Impact 2
B-9 12.40 39.94 40.80 1629.55| Impact 2
C-9 12.45 40.37 41.20 1663.24 | Impact 2
D-9 12.46 40.20 41.10 1652.22 | Impact 2
A-10 25.02 40.80 39.60 1615.68 | Impact 1
B-10 24.70 39.25 40.10 1573.93| Impact 1
C-10 24.70 40.35 39.70 1601.90| Impact 1
D-10 24.95 39.45 40.40 1593.78 | Impact 1
A-11 24.70 39.90 40.25 1605.98 | Impact 2
B-11 24.65 40.10 40.30 1616.03| Impact 2
C-11 25.10 40.10 40.20 1612.02 | Impact 2
D-11 24.40 40.20 40.20 1616.04 | Impact 2
A-12 50.24 39.30 40.00 1572.00| Impact 1
B-12 50.00 40.20 40.20 1616.04 | Impact 1
C-12 50.00 40.25 39.20 1577.80| Impact 1
D-12 49.80 40.20 39.80 1599.96 | Impact 1
A-13 50.02 40.20 40.30 1620.06 | Impact 2
B-13 50.20 40.70 40.20 1636.14 | Impact 2
C-13 50.10 40.30 39.80 1603.94 | Impact 2
D-13 49.90 40.30 40.05 1614.02 | Impact 2

Detailed results for eactest set are presented in tlad reportsprovided in
Appendix D Each reporprovides
1 Test descriptiorincluding the experimental set up as described in Chapter 3,

loading rate and specimen dimensions.

{1 Test results for one sample includisigesstime plot forone samplencluding
accelerometer data, load cell data, and a noise removed plot for accelerometer data

(see Figure 4:2) and strairtime plot (see Figure 4:2).
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Figure4.1.31Stresstime plot for sample A (including accelerometer data, load cell
data, and a noise removed plot for accelerometer data)
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Figure4.1.32 Strain-time plot for samplé\-8.

1 Stressstrain curveor all four samplesand their average (see Figure-3)2
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Figure4.1.33 The StressStrain curves of the four samples tested under impact (first

hammerposition) and theiaverage ($8B-Average)

1 Observations and discussidios each test

The lab reportésee Appendix Dpresent the data for each test without comparing

the results of the tests. Additional tests were conducted to the sam@|&T G111, D-

11, G13, and DB13. The purpose of additional tests was to compare the number and

maximum stresses to fail differe@DP thicknesses using the second position of the

modified Charpy machine. The following sections will compare the results of the six tests

conducted, discuss the sample failure modes including the additional tests conducted on
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samples €, D9, G11, D11, G13, and D13, review the errors affected the results, and

provide some recommendations to improve the test and prevent these errors.

4.2.1 Results comparison

To understand the behavior of the CDP material under impact test, a comparison
between the 6 condted tests is presented in this section. Figurel4d 2oresents the
average stresstrain curves for all tests compil&édm the data presented in tlab reports
in Appendix D The strain rate for each test, the displacement acquired from DIC analysis,
the measured thickness of the samples, and the adjusted accelerometer data, were used to
compare the stresdrain results and the modulus of elasticity (E). The ascending branch
of the stresstrain data could be presented by a seategtee polynomial regssion
curves (see Figure 4122). The tangent modulus of elasticity (E) was calculated as the
derivative of the secondegree curve as presented in Tablel412 Table 4.21-2 presents
the calculated strain rates and the average E calculated as #nefsibp tangent line to
the stresstrain at stresses equal to 20, 45, 70, & 100 MPa. These stresses present the
stress limits as provided by AASHTO standards (2012), discussed in Chapter 1. The
maximum stress for CDP recommended by AASHTO is 20 MPa)(3k& minimum
total strength for CDP as required by AASHTO (2012) is 70 MPa (10ksi), and 45 & 100

MPa were used to improve the understanding of the CDP behavior.
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Figure4.2.11: Stressstrain curvegompiled for the 8 sets of impact test.
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Table4.2.1-1: Stress secondegree polynomiagecantodulus of elasticity equation (E)

andR2.
Secant modulus of elasticit R2
Testnumber, St ress f unc equation (E) (MPa)
8 21444+ 5106 . 5 ¢ 2144.50 + 0.9969
9 1869-57B779 186 95.37(0 0.9999
10 167 4-100 4 7 167 41040 0.9994
11 1967101 . 557 19 6-711)557 0.9995
12 1845+ 8203 . 1° 1845.80 + | 0.9985
13 1306+ 49)5. 0! 1306. 40 + | 0.9976
Average 1984-1%0 4 4 6 19 8 4 1544p 0.9745

Thetangent modulus of elasticity was obtained from the acquired stress strain data
points. ThecalculatedangentE values, presented in Figure 4:2, shows the nofinear
behavior of the CDP. Figure 4123 presents the data frohable 4.21-2 and the rekson
between E and the strain rates at stresses 20, 45, 70 & 100 MPa. E at stress equal 20 MPa
was found between a value of 340 to 420 MPa. This wide range for the modulus of
elasticity values proves that the stragte play an important role in changitige CDP
behavior. Modulus of elasticity ) was generally increasing while the strain rate
increased from 41.995 to 119.19bfellowed by a reduction at straiate equal to 193.74
s1. Comparing the values of E at 45 MPa, the modulus of elasticityedfixntests was
found between 480 to 620 following the same increase and decrease behavior as the
behavior presented in the modulus of elasticity calculated at 20 MPa. Modulus of
elasticity E at 70 MPa was approximately between 700 and 770 MPa followisgitte
behavior. Finally, E at 100 MPa was between 830 and 860 for tests 9 and 11. In general,

the change in strain rates affected the behavior of CDP in this impact test. Additional CDP
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thicknesses should be tested to investigate the behavior and cangrar€DP shape

factors and strain rates.

Table4.2.1:-2: Tangent modulus elasticity at 20, 45, 70, & 100 MPa stress and strain rate.

Tangent Modulus of Elasticity, E (MPa)
Test CDPt stress Strain rate
-1
Number | (mM) | 5 Mpa| 45MPa | 70 MPa| 100 MPa (9
8 12.7 418.83 | 618.80 | 768.35 N/A 119.190
9 12.7 376.26 | 560.68 | 697.96| 833.35 193.740
10 25.4 361.79 | 540.19 N/A N/A 79.770
11 25.4 393.43 | 582.50 | 723.72| 863.24 109.440
12 50.8 366.14 N/A N/A N/A 41.955
13 50.8 339.04 | 478.06 N/A N/A 64.006
1000
9004 [—a_
® —20 MPa F==
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Figure4.2.1-:3 The modulus of elasticity E values for the static test for each strain rate
calculated at stresses (20, 45, 70.@).

After presenting the effect of higher strain rates on@BP6s modul us

elasticity, Figure 4.2-1 presented an over view of the effect of the reduction in stiffness
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and the maximum stresses for the CDP samples. For the same Charpy position, same
acting impact force, the maximum stress reduced while incre@sintiickness of the

CDP. For example, position 1, used for tests 8, 10, &12, acquired maximum stresses were
80, 60, & 40 MPa for the CDP thicknesses 12.7, 25.4, & 50.8 mm respectively. For
position 2, used for tests 9, 11, &13, acquired maximum stregses150, 100, & 70

MPa for the CDP thicknesses 12.7, 25.4, & 50.8 mm respectively. In other words, using
the same area and increasing the thickness of the CDP sample, under the same impact
force, the maximum stress of the CDP will decrease and the ssifbfehe system will

reduce. Chapter 5 provides more detail about the new flexible slipper plate design.

4.2.2 Multiple impact tests and failure modes

This section provides data acquired during conducting multiple impact tests on
samplesC-9, D9, G11, D11, C-13, and D13. These extra tests were conducted to
investigate how many impact tests would be required to fail different CDP thickness
samples, the change in the CDP behavior after multiple impacts, and the different types
of failure possible in multiplémpact events. This section is divided into three portions
each portion investigates the effect of multiple impact tests on different sample

thicknesses.

4.2.2.1 Samples G9 & D-9

Samples €@ & D-9 were 12.7 mm thick and tested using the second Charpy
position agliscussed in Lab report(8ee Appendix D)After completing the first impact
test for each sample, the thickness of the tested samples was measured and a second

impact test was conducted. The same procedure was repeated multiple times until the
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failure of the samples. Table 4221 presents the samples original thicknesses, the
thicknesses after each impact test, and the maximum stress reached in each impact test.
These stresses were calculated based on the maximum force acquired by the

accelerometer anthé original sample dimensions.

Table4.2.21 the thicknesses and maximum stresses for each impact test for samples C
9 & D-9.

Sample G9 Sample B9

Test Number
CDP t (mm)| Max. stress (MPa)] CDP t (mm)| Max. stress (MPa

0 12.45 157.524 12.46 153.916
1 11.83 173.156 11.80 175.561
2 11.50 129.266 N/A N/A

After the first impact test, both samples showed some delamination in the cotton
duck layers. The maximum stress was found around 155 MPa. The sargrt@sed 5%
reduction of the original thickness. After the second impact, both samples showed some
shear failures, increase of the maximum stress to 175 MPa, and another 2.5% reduction
in the original thickness (see Figure 2-:2c). Sample € was tested third time showing
a reduction in the maximum stress to 130 MPa and a destruction of the sample (see Figure

4.22-1a&b).

Figure4.2.21 Failure modes for samples®& D-9.
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4.2.2.2 SamplesC-11 & D-11

Samples €11 & D-11 were 25.4 mm thick and tested using the second Charpy
position as discussed in Lab report(4ée Appendix D)After completing the first impact
test for each sample, the thickness of the tested samples was measured camdi a se
impact test was conducted. The same procedure was repeated multiple times until the
failure of the samples. Table 22 presents the samples original thicknesses, the
thicknesses after each impact test, and the maximum stress reached in eactegnpact
These stresses were calculated based on the maximum force acquired by the

accelerometer and the original sample dimensions.

Figure4.2.22 Failure modes for samplesIl, & D-11.
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Table4.2.22 the thicknesses and maximum stresses for each impact test for samples C
11 & D-11.

Sample C11 Sample D11
Test Number  CDP t Max. stress (MPa CDPt Max. stress (MPa
(mm) (mm)

0 25.10 105.216 24.40 107.020
1 24.63 120.848 23.60 123.373
2 24.10 123.253 23.40 129.205
3 23.60 131.670 23.10 135.158
4 23.60 132.151 23.05 N/A

5 23.45 134.208 22.90 127.582
6 23.35 131.791 22.80 134.556
7 23.30 137.502 22.70 135.278
8 N/A N/A 22.60 136.059
9 N/A N/A 22.50 172.675

After the first impact test, both samples showed some delamination in the cotton
duck layers. The maximum stress was found around 105 MPa. The samples exercised 2%
to 3% reduction of theriginal thicknesses to-C1 & D-11 respectively. From the second
impact test to the sixth impact test, both samples showed more delamination failures, an
increase of the maximum stress to reach 134 MPa, and another 5% reduction in the
original thicknessSample G11 was tested a seventh time and the sample failed (see
Figure 4.22-2 a, b, &c). Sample £11 failed after the ninth impact test and the maximum
stress reached 172 MPa (see Figure2&22d &e). In general, the maximum stress
increases until failke then the stress drops dramatically but the sample carries load after

failure.

4.2.2.3 Samples G13 & D-13

Samples €13 & D-13 were 50.8 mm thick and tested using the second Charpy
position as discussed in Lab report(48e Appendix D)After completing the fst impact

test for each sample, the thickness of the tested samples was measured and a second
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impact test was conducted. The same procedure was repeated ten times. For this extended
test, only ten impact tests were conducted as the stresses were nobhigh ® fail the

samples. Table 42-3 presents the samples original thicknesses, the thicknesses after
each impact test, and the maximum stress reached in each impact test. These stresses were
calculated based on the maximum force acquired by the emteter and the original

sample dimensions. For some of the tests, the accelerometer did not acquire the data.

Table4.2.2-3 the thicknesses and maximum stresses for each impact test for samples C
13 & D-13.

After the first impact test, both samples showed little delamination in the cotton

duck layers. The maximum stress viasnd around 68 MPa. The samples exercised 2%

Test Numb C-13 D-13

est umber CDP t (mm)| Max. stress (MPa] CDP t (mm)| Max. stress (MPa
0 50.10 67.847 49.90 N/A
1 49.00 77.756 48.90 77.835
2 48.70 80.557 48.60 79.908
3 48.60 81.510 48.50 81.462
4 48.35 82.680 48.39 N/A
5 48.25 82.680 48.20 83.859
6 48.10 84.274 48.15 84.750
7 47.90 84.075 48.00 85.525
8 47.80 84.552 47.92 85.489
9 47.7 84.552 47.83 85.749
10 N/A N/A 47.80 85.544

reduction of the original thicknesses. From the second impact test to the last impact test,

both samples showed more delamination failures, an increase of the maximum stress to

reach 85 MPa, and another 3%uetion in the original thickness. In the last few tests,

the samples did not experience big changes in their thicknesses and the maximum stress.

In general, the maximum stress increases while the number of impacts increases.
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4.2.3 Errors and recommendations toimprove the test results
Multiple errors affected the test results. These errors are presented as follows:

1 The data acquired by the accelerometer had unexpected noise (see Figure 4.2.
1). The source of the noise could be a higher frequency mode prodydbd b
hammer arm low stiffness or possible baseline shift of the output data for the
accelerometer sensdB@ss 2008)This noise was reduced by adjusting the data
by taking the average of multiple consecutive data points to form a single data
point. Someof these noise errors were irrecoverable (see Figur8-2)2The
reason for these irreparable noises was the movement of the wire connecting the
accelerometer and the data acquisition systeae to the lowquality images
acquired by the higepeed camera, some data were difficult to perform the DIC
analysis which canceled the tested specimen.

1 The impact test was conducted using multiple impact events so that the pendulum
impacted the samplesultiple times as there were no arrest mechanism to prevent
the hammer from swinging back and impacting the specimen until the force damps
out. Figure 4.3-3 presents one series of impact forces exercised in one test in

terms of acceleration vs time.

150000

1000004  f N | =====- acc- data
2 — g djusted-acc
8 50000 -
o
(I / :

0 1 T T p ————— T |&|7
-50000
0 2 4 6 8 10 12 14 16

Time (ms)

Figure4.2.31 Example of recoverable accelerometer data noise.
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Figure4.2.32 Example of irrecoverable accelerometer data ndiggh frequency and
baseline shift error)
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Figure4.2.33 Multiple impact events in a single impact test.

The following recommendations could preventeéh®@rs discussed previously and

improve the test results:
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1 The noise presented in Figures 3-2&2 could be prevented by eliminating the
movement of the wire connecting the accelerometer and the data acquisition
system.

1 The DIC analysis could be improvdry improving the quality of the images,
increasing the number of frames to be comparable to the number of data points
acquired by the accelerometer, and improving the speckling sizes.

1 The Charpy could be improved by adding an arrest mechanism to preugplemu
impact events.

1 A more advanced trigger system should be used to trigger botis/wgid camera
and force acquisition systems at the same time. As discussed in Chapter 3 manual

trigger was used in these tests.

4.2.4 Conclusion

In this portion of the Chaptr , t he i mpact testods result
the CDP under higher strain rates between 40 to 20T differences in stin rates
affected the behavior of the CDP. The modulus of elasticity started by increasing reaching
strain rate of 110°5then E reduced under strain rate of 192Aithough, the change in
the shape factor of the speciments effect
under higher strain rates. More research should be conducted to explore the shape factor
effecton the CDP behavior including a wider range of strain rates. For the multiple impact
tests presented in section 8,2he CDP showed a remarkable behavior, if the stress was
kept under 70 MPa. The 50.8 mm thick CDP resisted more that ten impact tdsts whi
showing a limited delamination in the pad, a limited increase in impact force, and a total

of 5% of thickness reduction. More investigation needed to study the maximum number
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of impact required to fail the CDP under several stresses. The pad showeddu2éon
in thickness after the first test and a 2% reduction for the rest of the test, which shows that
the first impact stretched the cotton duck layers causing a sudden increase in E and a

sudden reduction in the original thickness.

4.3 Comparing static compression test results andmpact test results

This Chapter reported the results for both static compression and impact tests for
CDP and described its behavior providing a general overview on the change of modulus
of elasticity while changing the straiate. The results from both tests could be described

by the following:

1 The modulus of elasticity increases while increasing the strain rate (see Figure 2.3
1). In the figure, comparing E calculated at 20 MPa, the modulus of elasticity
increased from a vaé of 300 MPa at strain rates 0 to 0%4ts values from 340
to 420 MPa at strain rates between 40 & 280 This increase is 15% to 40%
increase in E depending on the strain rate.

At 45 MPa, E increased from a value of 400 MPa at strain rates 0 &' @4
values from 480 to 620 MPa at strain rates between 40 & 20rhss increase is
20% to 55% increase in E depending on the strain rate.

At 70 MPa, E increased from a value of 600 MPa at strain rates 0 tdt @4 s
values from 700 to 780 MPa at strain rates between 40 & 200hss increase is
17% to 30% increase in E depending on the strain rate.

1 The maximum percentage increase in E is calculated equal to 55%.
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Figure4.2.41 E values at ififerent strain rates calculated at 20, 45, & 70 MPa for static
and impact tests.

The following chapters used the SDOF system created in chapter 2 and the test
results presented in this chapter to build a guideline for describing the new skip slipper
desiqh. Using E calculated from the dynamic test and the maximum stresses for CDP
provided by AASHTO Standards (20 MPa), the new skip slipper design could be designed

to reduce the bunton impact force as discussétapter 2.
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5 Chapter 5 Deveppprndesaigew sl

Using the dynamic analysis presented in Chapter 2, the bunton force or the impact
force and the maximum guide displacement were determined using Comro guideline or
the SDOF program. These variables are the key componetésignthe side sppers.

In Chapter 4, cotton duck pads (CDP) were tested under impact to be used in the new
slipper design. In this chapter, the new slipper design is developed including a design
guide based on the information presented in both chapter 2 & 4. The dbajiveded as

follows:

1 Thecurrentslipper design.
1 Developing the new slipper design using the SDOF program.
1 Recommendations for modifying Comro guideline.

M Conclusion

5.1 Current slipper plate design

The slipper plates, presented in Conguwideline (1990) and SANS 10208:3
commentary (2001), are steel plateseredwith High density polyethylene, to reduce
friction, mounted on both sides of the conveyance to carry the acting lateral loads due to
the misalignment of guides. These lateralde @an perform in two different directions:
in the plane of guides or in perpendicular to this plane (see Figufg.5[the magnitude
of the lateral loads could be obtained using Comro (1990) or an equivalent SDOF program
using numerical integrationf the time history as presented in Chapter 2. Using this
information, the steel could be designed to carry the impact loads without harming the

body of the conveyance (see Figure-8)1
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Figure5.1-1: Application of lateral loads (COMMENTARY ON SANS 10208:3

2001)
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Figure5.1-2: Slipper plates design (COMMENTARY ON SANS 10208:3001)

These slippers do not affect the magnitude of the impact force acting on the

conveyance or the bunton, rather they transfer the load directly to the steel work without
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harming the skip body. For extreme cases, where the bunton and skip have very high
stiffness, or the skip is moving with higher velocity, the slippers would transfer the high
impact loads directly to the skip and the bunton which increases the steelwork needed to

carry these large impact forces.

A material with less stiffness could beed in the slipper design to reduce these
extreme impact forces by decreasing the stiffness of the system. The new slipper design,
presented in this chapter, uses elastomer pads as a cushion to change the dynamic
properties of the system, reduce the intgace and transfer a smaidlportion offorce

and displacement to the skip and bunton system.

52 The new sl ipper design using the SDOI
The new slipper design is based on creating a lower effective bunton stiffness by

adding an elastomer padth low stiffness to the effective bunton stiffness in series (see

Figure 5.21). The final effective stiffnessan becalculated by adding the pad stiffness to

the original effective stiffness in ses as presented in Equatiorl5

ke

K K Koe
WM e AW A

O O O )

Figure5.2-1: The addition of thelastomer pad stiffness to the SDOF system presented
in chapter 2 to form a new SDOF system.
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Q _— Equation5-1
where:Q is the effective bunton stiffnes§ is the elastomer pad stiffness, add is

the combined effective stiffness.

In this research, CDPs are recommended due to its higher ovargressive
strength compared folain unreinforced elastomeric pads (PEP), FibergResaforced
Pad (FGR), and Ste8leinforced Elastomeric Bearinghe CDPs were tested under

impact force as presented in chapter 3 &4. The results of these tests vodimas

1 The stresstrain curve for impacts presented as a seceddgree polynomial
curve regression.
1 The modulus of elasticity was calculated by dividing the stress equation by strain
and a secant value of E at each strain (see TableH.2.1
1 The dynanic amplification factor, comparing the static and dynamic test, was
found equal to a maximum of 50% of the static compressive modulus of elasticity.
1 Under impactoads the CDP carried ten impacts of stress 70 MPa up to 85 MPa
without showing any failure
Using the results shown above, the SDOF program, created in chaperb2, c
used to obtain a new dynamic response including the calculating the maximum bunton
force. Two methods were used in calculating thegtdthess and using Equatior15to
calcdate the new effective stiffness:
1 The CDP stiffness function obtained by multiplying the pad modulus of
el asti ci tQ dyg thefrationhetiveeo the pad area (A) émdkness (t)

(see Equation-2).
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Q — Equation5-2
f To facilitate the design procedures, constant valu€fiE") canbe calculated
using conservation of energy method, where the area under the padtstiess

curve is equal to the area under the curve created dnystant value Eat a given

stress value.

5.2.1 Calculating the maximum bunton force and displacement usingp

Table 5.2.11 presents the modulus of elasticity equations created for each
dynamic test performeith chapter 4. Using EquationZ "Q functions were calculated

by theEp functions presented in the table.

Table5.2-1: 'O modulus of elasticity and pad stiffne§€sbased on secant calculatipns
where u is the pad displacement and t it thickness

Test T Modulus of elastlty aialon g sinesia (v
8 214 41637 (2.145x10° - + 16.57 x16) -
9 186 95380 (1.870 x16 - - 5.38 x16) -
10 167 41040 (1.675x10 - - 10.47x10°) -
11 196700- 11.% (1.967%10°- - 11.5% x1CF) -
12 1845. 80 + 1 (1.846x10-+ 23.15x10°) -
13 1306. 489 + ¢ (1.306x16-+95.@ x10) -
Average 198 4 1558) (1984.%10°- - 15.45 x1@) -

The'Q functions were used in the numerical integration spreadsheet presented in

Chapter 2 to evaluate the effect of addi@gin series to the bunton effective stiffness in
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the example staged in Appendi. The elastomer bearing pad stiffnes®)(was

calculated for every time step by using the previous step pad displacepyast ghown

in Equation 53.
ko) Ciup +C2 Equations-3

where’Q is the pad stiffness at a certain time s@p& Czare constants depending on

the area and thickness tife CDP the equation used fromable 5.2.11, up is the pad

displacement in the previous time stgpwas calculating using the following equation:
O  Ui- Upe Equation5-4

whereui is the total displacement of the system apgds the displacement obtained by

dividing the bunton force by the effective bunton stiffnatssach time step.

Multiple trials were performed while changing the area artkbess of the CDP
used to reduce the bunton force and guide displacement. For the example presented in
AppendixA, a pad with the same size as the side slippers (500 mm x 200 mm) was used
(see Figure 5:2). This pad size resulted in a negligible recarcin the impact force as
the stiffness of the pad was relatively high (see Figuretp.After multiple trials, the
most practical solution to reduce the area of the CDP without affecting the size of the
slippers was by using CDP washers at the boltatimes of the original slippers (see
Figure 5.22). The washer sizes amimbercould be determined by calculating the
maximum impact force expected to be carried by the pad tlegngumerical integration
spreadsheet, as presentecChapter2, or by using Comro guideline and the maximum
allowable stress that the CDP could carry. The allowable compressive stress, provided by

ASSHTOO 2012, is 3 ksi (20.3MPa). This allowable stress could be increased to 35 MPa,
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as the impact events are rare to happeh the calculated magnitude. Also, The CDP
could carry stress 70 MPa in impact without failure as presented in the test results chapter

4. It is recommended to use washer sizes provided by the manufactures.

Washers

Figure5.2-2: CDP mounted between the slipper plate and the(Bkdd and washer
forms).

To study the effect of changing the pad size on the bunton force and the bunton
displacemety the following graphs (Figur&.2-3&4) were created using the mine
information provided in AppendiR and adding CDPs in series to the effective bunton

stiffness while changing the thicknesses and the areas of the pads.
Comparing the results of adding the CDP to the system, the follavaadound:

1 Reducing the area and increasing the thickness of the pad decreases the total pad
stiffness whichreduce the bunton force.

1 In this example, the pad stiffness had to be redwwetsiderablyto show a
significant effect on the bunton force. Ugilager areas and smaller pad thickness
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was not effective. On the other hand, using washers with smaller area and larger
thickness reduced the impact force.

1 The percent reduction in bunton displacement was equivalent to the percent
reduction in bunton foee with a maximum of 38% reduction using six CDP
washers of total area equal to 821 hamd thickness equal to 50.8 mm (see Figure
5.2-4). Themaximumstress othese washemsas 15.2 MPa.

In figure 5.23&4: fpis thebunton force while the CDP is mountedthe slipper

andfyis thebunton force without CDP.

1.0

0.8 A

0.7 1

0.6 1

0.4 4

0.3 -
—e—fp/fb Vs. Pad

fo= 21 kN thickness

0.0 T T T T T
0 10 20 30 40 50 60

Pad thickness (mm)

0.2 A

0.1 A

Figure5.2-3 Ratio between the bunton forces before and after adding CDP compared by
different pad thicknessasgith the same area (821mMn
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Figure5.2-4 Ratio between the bunton forces before and after adding CDP compared by
different pad areas witthe samepadthickness (50.8 mm)

The data presented previously shows the effect of the CDP on the behaviour of the
SDOF system with nehnear elastomer pad stiffness. The stiffness of the pad is desirable
to be smaller than the effective buntiffness to significantly reduce the bunton force.
Using a function to calculate the CDP stiffness is impractical. A single value of modulus
of elasticity is needed to simplify the design process for the mine steelwork. The following
section describs the equivalent secant value of modulus of elasticE) (using

conservation of energy method.

5.2.2 Calculating the maximum bunton force and displacement using secant value

of modulus of elasticity E")

It is common to convert a ndimear behaviour of a certamaterial (concrete for
example) to a linear equivalent behaviour to simplify the design procedures. One of the

common methods used to transform the-hio@ar material behaviour to an equivalent
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linear behaviour is conservation of energy. The energy abddmpthe pad was calculated
using integration of the polynomial equation to calculate the area under thestimass
curve up to the maximum allowable stresses: 20 MPa by ASHTOO 2012 and the
recommended allowable stress 35 MPa. Two values of E* wecallatdd for each
allowable stress. Each value of E* could be used to calculate the maximum bunton force
and the maximum skip displacement. Figure® @esents two values for E*, calculated

to be equivalent to the nonlinear behaviour up to 20 MPa allewsit#ss, 300 MPa to
calculate the maximum skip displacement and bunton force and 150 MPa to calculate the
maximum pad deflectionFigure 5.26 presents two values for E*, calculated to be
equivalent to the nonlinear behaviour up to 35 MPa allowable s#@381Pa to calculate

the maximum skip displacement and bunton force and 200 MPa to calculate the maximum
pad deflection. The area under the curves created by the E* wakegual to the area
under the actual stressrain curve of CDP while maintairgrthe same maximum stress

(20 or 35 MPa) or maximum strain.

121



25

Stress-strain curve
= . = Constant Enaximum’

20 ~ Constant E maximums
<
o 15 A
=
0
[%2)
o
& 10 -

5 .

0 = T T T T

0.00 0.02 0.04 0.06 0.08 0.10

Strain (mm/mm)

Figure5.2-5: Actual stressstrain curveof CDP and the curves created bg #quivalent
values of E*for 20 MPaallowable stress
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Figure5.2-6 Actual stressstrain curve of CDP and the curves created by the equivalent
values of E* for35 MPa allowable stress
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E* values are then used to calcul#®eusing Equation & which is then used to
calculateQ using Equation &. The new effective bunton stiffness could be then used
to perform the dynamic analysis to calculate the maximum bunton force and maximum
skip displacement. It is recommendeduse theE* equivelant for the purpose of the

analysis, bunton force or skip displacement.

Both nonlinearEp, andE* were compared using the SDOF integration spreadsheet
and the results were equivelant depending on the value of the maximum stress E*
then used to calculate the new effective bustdimesswhich lateris used in calculating

the maximum bunton force or skip displacement using Comro guideline.

5.3 The new slipper design using Comro guideline

The slipper design using Comro guideline cdutdperformed as follows:

1 Calculate the bunton force and skifgplacement usin§ANS 102084: (2011)

In this step, the bunton force and skip displacement should be calculated using the original
information of the skip system. Including the effective masd stiffness, the velocity

and the maximum guide misalignment.

1 Calculate the new rubber slipper area needed using the bunton force and a

maximumallowablestressselected20 or35 MP3, using Equation %:

o — Equation5-5

1 Selectpad thicknesd®ased on the available space between the guide and slipper
and @lculate’Q usingE* values depending on the response needed to be tested. In other
words, calculate two differef® one used to calculate the maximum new bunton force

and skip displacement and the other used to calculate maximum pad deflection.
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1 Calculate newQ including™Q as astiffness in series (Equation13.

1 Calculate the new bunton force & guide displment usingSANS 102084

(2011)andthe newQ

1 Design steel work
The following flow chardescribsthe steps needed to complete the slipper design
and the new steel work design based on the new bunton forces and skip displacement.
Using this procedure, the design results were comparable to the results using
integration spreadsheet applying Aorear and linear systems. Table A .®resents the

design of the CDP using the methods previously discussed in this chapter.
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< Designing the new inppeD

Calculate the bunton force & guide
displacement using COMRO (1990

v

Calculate the new rubber slippe
area0 ———— and pick CDH
thickness
[
v v
G = 20 G = 35
E* =300 MPa E* =400 MPa
(skip displacement & (skip displacement &
Bunton force) Bunton force)
I |
v
CalculateQ
CalculateQ —

A

Calculate the newuntan force
& guide displacement using
Comro 1990 &Q

!

CDesign steel Wor9

Figure5.3-1: Flowchart for the new slipper design
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Table5.3-1: SDOF integration Spreadsheet restdir bunton force, skip displacement,
pad stress &ad ddéection (for skip withoutpadand with 6 washers using Ep function

and the equivalent E*Jnd the results using Comro guideline for the same washer sizes.

Input
impact velocity (v) 0.05| m/s Washer Area 0.21] in?
¢CAYS A)aGSL) 0.0015| sec Washer # 6
Effective mass (me) | 23721.15| kg Ap 0.000821| m?
Pad
thickness
Bunton Stiffness (kb)] 26820000 N/m (Tp 50.8| mm
Skip Stiffness (ks) 9100000{ N/m
Output
Comro Washer(MPa)
Without (1990)
Pad E*=300 = E*=150 E*=300
Force (N) 20066 13046 12718 10292 12952
Stress (Mpa) N/A 15.897 15.497 12.541 15.783
Skip displacement
(m) 0.0030 0.0050 0.0020 0.0015 0.0019
Pad deflection (m) N/A 0.0043 0.0042 0.0375

In Table 5.31, the results of using thE, function and E*=300 MPa in the

dynamic analysigind usingSANS 102084 (2011)guidelinewere similar in maximum

bunton forceand maximum pad stres3he results were similar for the pad deflection

between usingg, function ande*=150 MPa The Skip displacement was similar &y

function and E*=300 MPa the total deflections of theystem usingSANS 102084

(2011)andE*=150 MPaare equivalent.

5.4 Conclusion

In this chapter, the new slipper design was introduced. Using the information on

CDP,

tested in

Chapter

3 &

4 , a

pad

wa s

us

create dower effective stiffness and reduce the bunton force. This pad stiffness was tested
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using SDOF integration spreadsheet for -tinear behavior and the equivalent linear
behaviour. The results using both behaviours were similar. A guideline was intraduced
use the new slipper design and Comro guideline to calculate the maximum bunton

stiffness and skip displacement to design the mine steelwork.
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6 Chapt@oncel usi on

6.1 Conclusions

This research was conducteditigprove theskip side slippers desigimhe new
slipperdesign provides information about howéaluceslam loadsn mineshafs ofdeep
mines. Slam loadsre highest when there is sté@isteel contact between the slippers and
the shaft rails. This hard contact has the most harmful effect osté¢k&vork of the

mineshaft. The slam load is primarily influencedtbg following:

1 Misalignment of the shaft guide.
1 The buntonskip, and guide stiffness.

1 The mass of the skip and the hoisting velocity.

The worstcase scenario for slam loads has alwoation of high stiffness buntons
and skips with high velocity hoisting along with high mass skips. In extreme cases, the

mass of the skip may be up to 130nesand the hoist speed up to 18m/s.

To increase the productivity of a mine, the mass and tbeityeof the skip should
be maximized A high massand high velocity system could result in high slam loads,
requiringstronger steelwork for the mineshaftis would likely also result in a stiffer
mineshaft rail system, which has thiéect of furtherincreasing potential slam loadsn
alternative to increasing capacity of the rails is to reduce the effective stiffness of the
skip/guide systenThis reduction in stiffnessill reduce the maximum bunton foréne
way to reduce stiffness is to provide additional flexible material at the slipper location
that acts in series with the skip and rail systéhis flexible slipper reducghe effective

bunton stiffness and thefore thebunton impact force.
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Cotton Duck Rds(CDP), used as bearing pads irultiple applications, were
tested to examintheir behavior undestatic and dynamicompressioroads. Chapter4
reported the results for botypes oftests for CDP and describdte material with a focus
on the change of modulus of elasticitigfmchanging the strain rate. The results from both

testsaredescribed by the following:

1 As expected,ite modilus of elasticity increases withcreasing the strain rate

1 The modulus of elasticity can brepresented by a secowggree polynomial
curve.

1 CDP arries multiple impacts, with stresses between 70 and 85 MPa, without
showingany noticeable failure.

1 Themaximumamplificationfactor ofthe modulusof elasticitydue to high strain

ratewas foundequal to $%.

Using the results of the tests performed@DP, the new slipper design was
created usingDPb et ween t he sl i pper 6sThshewesystenpl at e
reduced the effective bunton stiffnestich reduced the maximum bunton force. To
facilitate the new design procedures, a constant medilelasticity E*) was introduced
to create a linear system instead of a-hear systenrepresented by a secowl@ggree
polynomial equationTwo limits for the maximum stress of CDP were introdlidbe
maximum allowable stress provided BASHTO Stana@rds (20 MPapand a suggested
maximum allowable stress based on the conducted tests (35 MiRajesigner tsthe
choice toselectany ofthese two values. The desigratars by finding the maximum
buntonforce from the analysis of the original system uS#dNS 102084 (2011) Using

the calculated maximum force and maximum allowable stedksys the designeto
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selectthe area of the pad needeckeep the pad stress level beltve allowable stress
limit. Then, a pad thickness sglecteddepending on the allowed distance between the
slipper plate and the guide surfatée pad stiffness) is calculated using the pad area
and thickness previously obtained dftvalue: 300 MPa fothe stressof 20 MPa and
400 MPa foithestresof 35 MPaA new effective bunton stiffness is then calculated and
a new bunton force is obtained usiBgNS 102084 (2011) The results of this method
werecompared to the results of using numerical integration of time higtorysingle

degree of freedom system while using the-hoear pad behavior.

6.2  Suggestions for further research

This thesis provided a theoretical study tonew slipper desigmethodology

Further research needed could be presented as follows:

1 Mount the new slipper of the side of an actual skip to compare théfecfairce
magnitude with the theoretically calculated bunton force.

1 Test CDP for fatigue to measure the life span for this pad using the stress limits
discussed in this thesis.

1 Test nore CDP sizes under static loading and impact to improve the understanding
of the CDP behavior.

1 Test more CDP samples while examining the temperature effets bahavior

usingdifferent loading rates.
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A Example for calculating the bunton force using Comro (1990)

A.1 General information

Shaft configuratior{seeFigure A.x1).

Shaft maintenance classification: C (default for design) (e= 20 mm)

Buntons:

Guides :

Conveyances:

Bunton Spacing:

Hoisting speed:

Conveyance Data:

HSS 203 x 203 x16

HSS 203 x 203 x16

Compartments Al and A222T Skip
Compartments B1 Balancing weight

Compartments CIL man cage

8m

10 m/s

Skip Al (22.6 x 1.85 x 1.65)
Full mass: 94,400 kg
Empty mass: 42,400 kg

Stiffness (k): 9.1 KN/mm

Distance of skip c.g. from slipper plate:

Moment of inertia about global Z axis:
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SAMPLE No 1A &
(NCT REQ'D QN ASSEM|
SAMPLE 2 TEST)

(TEST SAMPLES

Mo 1A & 1B SEPARATEY

SAMPLE No 2

WO

‘SUPPORT STANDS B
T0 STRONG FLOQR
DWG D—JANSEN-26

1000

STRONG FLOOR

S

— ANCHCR BOLT|
TR

SUPPORT STANDS 8t
1O STRONG FLOOR
DWG D= JANSEN--261

FigureA.1-1 Mineshaft plan view configuration

A.2  Shaft steelwork design
Steelwork stiffness: kg= 2.49 x 16 N/m

ko= 26.82 x 16 N/m

But the skip is flexibléks = 9.1 KN/mm

Bunton effective stiffneskpe=

kpe=6.79 x 16 N/m

Effect mass a
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Stiffness ratio re= —

re=2.72
Note: 'Q is used instead dR because the skip is flexible.

Impact velocity ratio — = —

-8 —0005

"Q : nondimensional steelwork stiffness at bunton

=— =183.2

Using the figures provided i@omro1990 (Figure A.2L to A.24), the following was

determined:
Ratio of rebound velocity to the impact veloaityr,)

r=13
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FigureA.2-1:Contour plot of rebound velocity ratra (Comro 1990).

Nondimensional bunton forde = 0.07

Bunton force P=——-

= = 20,756 N
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Figure A.2-2: Contour plot of nondimensional biem forced for u/v = Q005 (Comro
1990)
Non-dimensionabuidedisplacement = 0.000667

Guidedisplacement] =7 0 =(0.000667) (8) =0.00533 m
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Figure A.2-3. Contour plot of nondimentional skip displacemgntfor u/v = 0.005
(Comro 1990)
Nondimentional guide bending moment= 0.011

Guide bending moment M& & )¢

= (0.011) (23,721.15) (2p= 26,093.265 N.m

139



FigureA.2-4: Contour plot of nondimentional giedendingmomentd for u/v =0.005

(Comro 1990)
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