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Abstract

The Collier Memorial is a vaulted stone structure that was built on the campus of the Massachusetts
Institute of Technology during the fall of 2014 and the spring of 2015. In the course of the last
century, structural engineers have almost fully abandoned the practice of masonry vaulting. The the
Collier Memorial is a particularly interesting structure, because it spans not only space but also time,
to an age that appreciated permanence in structure, an ideal befitting a memorial.

This study's main goal was to equip the construction team with real-time validation of the Collier
Memorial's performance during the most critical phase of construction-the lowering of the vault.
This was accomplished by using a simple analytical approach to predict how loads and deformations
would evolve at every stage of the lowering process. Using the lower-bound theorem of plastic
theory, thrust line analysis was performed assuming global equilibrium was satisfied among the five
legs. Jack loads were predicted using simple two-dimensional equilibrium while the deformations
were predicted considering the structure to behave as a series of straight elastic bars that are oriented
along the line of thrust and experience an axial force equal to the assumed thrust force.

By choosing to predict the performance in addition to monitoring it, the team had the opportunity
to test how their understanding of equilibrium applied to the structural performance of a modem
masonry structure. Working with an accurate prediction of the performance, the hope was that the
structure would carry as much of its own weight as possible before being grouted, so that the small
amount of reinforcing steel would be only minimally engaged and thus pose a minimal threat to
fracturing the stones in the future.

By comparing the theoretical results and physical monitoring data, it was found that there was very
little construction error, and this condition laid the path for shedding 96% of the vault load in the
scaffolding and developing joint openings less than 1mm prior to grouting.

Ultimately, this study demonstrates that simple hand calculations are capable of producing accurate
solutions to complex problems. Given these results, the future of masonry vaulting could be
brighter than its more recent past, as the legitimacy of its structural and historical merits outweigh
any belief that this type of construction has somehow become inferior due to modern
advancements.

Thesis Advisor: John Ochsendorf
Tide: Professor of Civil and Environmental Engineering and Architecture
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Chapter 1 - Introduction

1.1 Background

On the night of April 18t, 2013, three days after the Boston Marathon bombings, Officer Sean Collier of the

MIT Police Department was shot and killed in the line of duty by the same two men who had carried out the

bombings on Boylston Street. One year later, MIT announced that a memorial would be erected at the

location of the shooting to honor Officer Collier. The memorial's critical phase of construction in the spring

of 2015 forms the basis for the following work.

The Collier Memorial-designed by architect Meejin Yoon-is a 190-ton masonry structure that appoints

thirty-two granite stones within a 60'x60' space to form a central vault supported by five radiating buttress-

walls. The structure essentially consists of five half-arch/wall units designated as Legs A, B, C, D, and E.

Figures 1.1, 1.2, and 1.3 present the Collier Memorial in its completed state.

Figure 1.1: Photo of the Collier Memorial (Nathaniel Lyon)
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1.2 Motivation

Today, many designers and engineers are unfamiliar with structural vaulting, and there exists a fear that

unreinforced masonry is inherently unstable. Partly because of this belief, the Collier Memorial utilizes steel

reinforcement to join the majority of stones, but this additional support is superfluous for the majority of

loading situations. If anything, the addition of steel might bring about more harm than good, as illustrated by

the following three pitfalls:

1 There is additional cost involved in both supplying the steel and drilling the stone holes in which the

steel will lie.

2 There is a risk of the steel inducing residual tensile stresses that may fracture the stone if excessive

load or deformation occurs.

3 Although there is significant cover, the steel will eventually corrode and could damage the

surrounding stones, thus reducing the lifespan of the structure significantly.

Despite these drawbacks, the engineer of record insisted on the use of steel dowels between stones, and thus,

and thus it became pivotal that the steel be minimally engaged by developing arching action prior to grouting.

By lowering the vault prior to grouting, the likelihood of fracturing the stones in the future is drastically

decreased.

The motivation for monitoring the Collier Memorial during its critical construction phase was two-fold: to

demonstrate in real-time that load is shed from the scaffolding into arching, and to ensure that deformation

constraints were not exceeded for aesthetic purposes. By combining the load and deformation data, the

structural performance of the Collier Memorial can be quantified from a stiffness perspective.

1.3 Construction Sequence

As it pertains to the work in this study, the construction of the Collier Memorial was carried out in the

following basic sequence. First, the central vault stones were situated on top of scaffolding. Second, the leg

stones were laid and grouted. Third and lastly, the vault was incrementally lowered. Scales were placed under

the temporary supports to monitor the load transfer. At every stage of the lowering scale load measurements

were taken, while joint opening measurements were taken every few stages due to the time demand. It was

decided upon prior that the lowering would cease if either the vault stones lost contact with the scaffolding or

deformation constraints were attained.

This study focuses on the third described phase, which is designated the critical construction phase.

10



Figure 1.2: Photo of the Collier Memorial (Nathaniel Lyon)

1.4 Additional Work

In September of 2014, the firm of Ochsendorf Dejong & Block, LLC published a report outlining what

structural analyses had been performed on the Collier Memorial in order to prove its feasibility. This study

will not comment on the findings of that report, though this thesis applies some of the same methods of

calculation (ODB 2014).

This thesis is one of two accounts of the Collier Memorial's critical construction phase. The other work is

that of William Cord who focuses on the mechanism formation and critical joint displacements during vault

lowering (Cord 2015).
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1.5 Goals

The main goal of this work was to equip the team with real-time validation of the Collier Memorial's

performance during the most critical phase of construction-the lowering of the vault. By providing and

using this, the hope was that the structure would be able to carry as much of its own weight as possible

before being grouted, so that the small amount of reinforcing steel would be only minimally engaged and thus

pose a minimal threat of fracturing the stones in the future. In order to accomplish this goal, two questions

had to be answered. The first question was how to accurately predict the progression of load transfer and

joint opening using a simple analytical approach. In other words, how would the scaffolding load shed into

arching action and then how would the joints open accordingly? The second question was how to rationally

compile the monitoring data in real-time to produce results that may be compared to the hand calculations.

By sufficiently answering these two questions, the predictions would prove pivotal in assessing the actual

load-shedding and joint-opening behaviors and, in doing so, ensure that as much scaffolding load was shed as

possible before stopping to grout.

Figure 1.3: Photo of the Collier Memorial (Nathaniel Lyon)
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Chapter 2 - Methodology

This chapter lays out the methodology employed for this study. The work in this section is composed of

introductory concepts, calculations for predicted load-shedding and joint-opening behaviors, and calculations

for compiling construction monitoring data-Sections 2.1, 2.2, and 2.3, respectively.

2.1 Basic Concepts

For the purpose of addressing any confusion, the following list of introductory concepts lays out key ideas in

an approachable manner.

1 The "critical phase of construction" is when the vault is lowered. During this phase, the support of the

vault shifts from the scaffolding to the five buttressing walls.

The initial state of construction occurs when the vault rests solely on the scaffolding, so any

point in time before contact is established between the vault and the walls.

The final state of construction occurs when the scaffolding experiences no load, so at any

point in time after the vault load is fully transferred from the scaffolding into arching action. In

reality, this state is more accurately defined as the point in time when the vault-lowering

process is stopped, because the construction team's plan had always included maintaining

contact between the vault and the scaffolding as a safety precaution during grouting.

2 To stand up, an arch must develop and support horizontal force, or "thrust." Simply put, without

horizontal thrust, and neglecting the tensile capacity afforded by grout or mortar, any stone whose

centroid lies outside of the support would fall out. By pushing the stones together and engaging

friction, an arch is stable so long as the supports are capable of resisting the horizontal thrust and the

thrust line is maintained within the section of the arch for the given loading.

13



3 Statically indeterminate masonry structures are complicated in that the load path is difficult to know.

There are an infinite number of possible load paths, but only within two limiting states will the

structure be stable: the minimum and maximum thrust states.

The minimum thrust state occurs when the load path passes through the bottom portion of the bottom

shim in the arch-wall joint.

Ii 11 II I

Figure 2.1: Minimum Thrust (Leg A)

The theoretical maximum thrust state occurs when the load path passes through the outmost portion

of the wall base, which would lead to overturning of the buttressing wall.

Figure 2.2: Maximum Thrust (Leg A)

4 Within each joint lie four shims that serve as spacers so that when the time arrives there is room for

grout to fill the joint. In this study, the joints are assumed to all have the same gap and therefore

require the same shim thickness. In reality, some joints had slightly larger or smaller gaps and therefore

required more total shim thickness.

14
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S During the critical phase of construction, the load path can be determined indirectly by monitoring the

load in the scaffolding and the opening of the joints. These two things in particular are monitored for

two reasons. First, by knowing the weights of the stones and the amount of load in the scaffolding, the

load in the structure can be determined. And second, because measuring the shrinkage of the arch

directly would be very complicated if not impossible, joint openings serve as an indirect way of

measuring the deformation, because a joint will only open if the vault shrinks, and the vault will only

shrink where force is applied.

For instance, if load is shed from the scaffolding supporting Leg A and the arch-wall joint for Leg A

opens simultaneously, thrust must be acting through that joint. The magnitude of the thrust can also be

estimated by using the shrinkage of the shims within that joint, and this sort of analysis is performed by

William Cord (Cord 2015).

15



2.2 Hand Calculations

This section lays outs the assumptions and approach used for predicting the load-shedding and joint-opening

behaviors during the critical phase of construction-the lowering of the vault. All of the following work

begins by taking two-dimensional sections of each leg and performing simple equilibrium and deformation

calculations.

As with the construction of any arch or vault, the final stage-the liberation of the scaffolding-brings about

load transmission from the scaffolding into arching action. However, computing the loads and deformations

by first retracting the jacks and following through is a complicated affair. Because the stone weights are

obviously constant, it is more practical and just as valid to think about the jacks simply as forces used to

balance the lack of horizontal thrust. From there, the force in each portion of the structure can be determined

using thrust line analysis. By assuming the structure behaves as a series of straight and flexible bars that are

oriented along the line of thrust, and experience an axial force equal to the thrust force, and utilize an

assumed 18"x18" cross-section, the deformation of the structure can be estimated. The specified cross-

section is based on the fact that the walls are 18" thick and that some portion of each wall can act as a

compression strut.

16



2.2.1 Assumptions

This section lays out the assumptions that will be applied during the approach following in Section 2.2.2.

1 Regarding the predicted scale loads prior to vault-lowering, it was assumed that there was no contact

between the stones and thus the sum of the forces in each stone's supporting jacks equal the weight of

the stone.

2 For simplicity, each two-dimensional section was oriented to lie in the xy-plane with the outmost

bottom corner as the origin.

3 For simplicity, the structure was discretized per stone, and the total weight of each stone was applied at

its centroid.

4 It was assumed that Leg A would behave in a minimum thrust state because it spans the largest space.

Furthermore, it was assumed that Leg A would bear none of the keystone weight, thus splitting the

keystone weight among Legs B, C, D, and E. Similarly, because Leg E has by far the second-largest

span, it was assumed that Leg E would behave in a thrust state close to if not minimal. Using these

constraints, the final thrust states for all legs were determined using global equilibrium.

HdontaiThrust (LB) _ Angle fromAtbay AXIS (& F. (LB)
sRepmuolAm*&y&it hf Max Qoson (D)

A 52000 51575 111080 52000 17.1436 -15328 49690

B 30000 16238 63191 24000 99.7M3S -2651 49

C 25000 15356 67489 23200 137.9034 15553 17215

D 29000 26435 64063 31700 207M.3454 14562 28158

E 48000 39393 92219 39970 269.6577 39969 239

Table 2.1: Global Equilibrium

5 Although each leg has a virtually constant cross-section, the vault stones do not. Thus, the centroid for

each wall stone was adopted from the two-dimensional geometry and the centroid for each arch stone

was adopted from the three-dimensional geometry excluding the out-of-plane coordinate. With its

weight divided four-ways, the keystone was in a complicated situation; for simplicity, the keystone was

cut in half in the two-dimensional drawing for each leg, and its centroid was thus adopted from the

same two-dimensional geometry.

17



6 For each vault stone, the centroid of the jacks-shown in black in Figure 2.3-almost perfectly

coincided with that of the stone-shown in green. For this fact and for simplicity, the calculations

consider only a single jack supporting each vault stone acting at the stone's centroid.

0
JAl b

SJA1a 0

JAlce

JA2b @

0

JA2a J
dJA2

Figure 2.3: Jack/Stone Centroids

7 The vault is so flat and thin that only a narrow range of stable thrust solutions exists, and therefore the

necessary arch-wall reaction force orientation varies only slightly from minimum to maximum thrust

states. Due to this and the fact that the problem would be indeterminate otherwise, the arch-wall

reaction force orientation was assumed to be constant throughout the load transfer process.

8 Four "critical" points were defined to determine the minimum and maximum thrusts. These points are

those through which the minimum and maximum thrust lines pass.

(XMIN1 YMINI)

(XMIN2 YMIN2)

(XMAx1 YMAx1)

(XMAX2 YMAX2)

The expected arch-wall intrados hinge for the minimum thrust

The expected arch-keystone extrados hinge for the minimum thrust

The outmost base point (origin)

The expected arch-keystone intrados hinge for the maximum thrust

9 Four "principal" points (1, 2, 3, and 4) were defined to carry out deformation calculations, and each has

an initial (1), midway (M), and final (F) state.

(X11 Y11)

(X21 Y2 1)

(X31 Y31)

(X41 Y41)

The arch-wall intrados hinge for the initial state

The arch-keystone extrados hinge for the initial state

The arch-wall joint-opening point for the initial state

The arch-keystone joint-opening point for the initial state

18
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10 For simplicity, the keystone was assumed to act rigidly and displace only vertically.

11 For simplicity, the joint lengths were assumed to be constant. Thus, the arch-wall and arch-keystone

joints do not shrink parallel to the joint.

12 For simplicity, the arch-keystone joint was treated as a perfectly flat and continuous joint, rather than a

step joint. This assumption, however, does not affect the joint opening because the joint's orientation

remains constant through the step.

13 For simplicity, it was assumed that the thrust line is always that for the final thrust, only that the force

transmitted through it varies. Also, each jack load and deformation calculation assumed that each

horizontal thrust increment was applied all at once and not progressively. Because of these two

assumptions, the intrados hinge was always located at the arch-wall joint.

14 The crushing capacity of the stone is so substantial (42ksi) and the forces within the structure were

expected to be so low that crushing will not be considered (ODB 2014).

15 The stones were cut and laid in cold months. However, during the critical phase of construction and

the week leading up to it, a tent enclosed the memorial and was warmed to 60'F. The rise in

temperature undoubtedly caused the stones to expand, but how much was not known. Assuming the

initial geometry is that for a cold climate of 20*F, the stone expansion was factored into the

deformation calculations as a shrinking reduction. However, because the critical phase of construction

took place over the course of only one day during which the memorial was enclosed by a temperature-

regulated tent, it was assumed for all accounts that there was no temperature change despite it being

considered in the deformation calculations.

19



2.2.2 Approach

This section lays out a simplified version of the approach used to calculate the jack loads and joint openings

at incremental stages of the vault-lowering process.

1 Determine the weight (W) and centroid (Xc Yc) of each stone.

2 Determine the coordinates of the four critical points as described in Section 2.2.1: (XMIN1 YMIN1),

(XMIN2 YMIN2), (XMAX1 YMAX1) and (XMAX2 YMAX2).

3 Calculate the lever arms for each applicable stone in the minimum state (LWMIN) using the stone

centroid (Xc) and first critical point (XMIN1). Similarly, calculate the lever arms for each applicable stone

in the maximum state (LwMAx) using the stone centroid (Xc) and third critical point (XMAX1).

4 Calculate the lever arm for the minimum horizontal thrust (LHMIN) using the first and second critical

points (YMIN1 and YMIN2). Similarly, calculate the lever arm for the maximum horizontal thrust (LHMAX)

using the third and fourth critical points (YMAX1 and YMAX2).

5 Calculate the theoretical minimum horizontal thrust (HMIN) using the arch stone weights (W), the arch

stone lever arms (LwMIN), and the lever arm for the minimum horizontal thrust (LHMIN). Similarly,

calculate the theoretical maximum horizontal thrust (HMAX) using all stone weights (W), all stone lever

arms (LwMAX), and the lever arm for the maximum horizontal thrust (LHMAX).

6 Specify the expected final horizontal thrust (H), as presented in Table 2.1.

7 Calculate the coordinates of the point where the expected final thrust passes through the arch-keystone

joint (XH YHi) using the second critical point (XMIN2 YMIN2) and the minimum (HMIN), maximum (HMAX),

and final (H) horizontal thrusts. While the minimum and maximum thrusts pass through the top and

bottom of the keystone, respectively, the specified final thrust passes through somewhere in between.

8 Calculate the lever arm for the final thrust (LH) using the thrust-keystone contact point (YH) and the

first critical point (YMIN1).

9 Calculate the accumulation of stone weight the thrust force must progressively balance (WT). This

calculation is performed in place of drawing the force polygon.

20



10 Calculate the orientation of each thrust bar (0) using the final horizontal thrust (H) and stone weight

accumulation (WT).

11 Determine the initial coordinates of the third and fourth principal points, (X31 Y31) and (X4 1 Y41).

12 Determine the orientation of the arch-wall joint (01-3) using the first critical point (XMIN1 YMIN1) and

third principal point (X31 Y31). Similarly, determine the orientation of the arch-keystone joint (02-4) using

the thrust-keystone contact point (XH YH) and the fourth principal point (X4 1 Y41).

13 Define the initial state of the arch as the bar that links the first and second principal points, (Xii Yl1)

and (X2i Y21).

14 Determine the endpoint coordinates of each thrust bar, (XRIGHT YRIGHT) and (XLEFT YLEFT), by starting

with the thrust-keystone contact point (XH YH) and working outward into the wall using the centroids

of the stones (Xc) and the orientations of the thrust bars (0).

15 Calculate the length of each thrust bar (L) using the endpoint coordinates, (XRIGHT YRIGHT) and

(XLEFT YLEFT).

16 Calculate the lever arm for each applicable stone in the final thrust state (Lw) using the stone centroids

(Xc) and the thrust bar endpoint coordinate that lies at the arch-wall contact, the expected location of

the intrados hinge.

17 Define the initial coordinates of the first two principal points, (Xii Yli) and (X21 Y21), as the endpoint

coordinates, (XRIGHT YRIGHT) and (XLEFT YLEFT), located at the arch-wall and arch-keystone contacts,

respectively.

18 Calculate the initial length of the arch-wall joint (L1i3) using the first and third principal points, (Xu Y11)

and (X31 Y31). Similarly, calculate the initial length of the arch-keystone joint (L2 _4) using the second and

fourth principal points, (X21 Y21) and (X41 Y4 1).

19 Specify how many shims (NsH) are expected to engage for each joint, and calculate the associated total

shim contact area (ASHT) using the area for a single shim (AsH).

20 Specify how much stone contact width (T) and contact depth (D) are expected to engage for each

thrust bar, and calculate the associated total stone contact area (AsT).

21



21 Specify a reasonable arch-wall reaction force orientation (OR). If this quantity is not reasonable, the

numerical process presented in Step 35 will not converge to a reasonable solution.

22 Perform all subsequent steps while varying the horizontal thrust from zero to the final thrust (H).

23 Calculate the jack loads (Ji and J 2) using two-dimensional equilibrium to balance out the arch stone

weights (W) and the horizontal thrust (H).

24 Calculate the force in each thrust bar (F) using the final horizontal thrust (H) and the thrust bar

orientation (0).

25 Calculate the total shrinkage of each thrust bar (AL) by summing the contributions from the shims

(ALSH) and the stones (ALsT). The shim shrinkage is dependent on the thrust bar force (F), shim

thickness (LSH), shim elastic modulus (ESH), and total shim area (ASHT) while the stone shrinkage is

dependent on the thrust bar force (F), thrust bar length (L), stone elastic modulus (EsT), and total stone

area (AST).

26 Using the total shrinkage (AL) and orientation (0) of each thrust bar, calculate the horizontal (U) and

vertical (V) displacements of each thrust bar's right point (XRIGHT YRIGHT) taking the left point

(XLEFT YLEFT) as reference.

27 Calculate the total horizontal (U) and vertical (V) displacement of the bar system. The system is

discretized into arch deformations-UARH and VARCH-and wall deformations-UWAL, and VWALL.-

28 Calculate the deformed coordinates for the principal points-(X1F Y1F), (X2M Y2M), (X3M Y3M), and

(X4M Y4M)-using the initial coordinates and the appropriate arch or wall displacements-UARCH,

VARCH, UWALL, VWALL.

29 Calculate the length (LARCH) and orientation (02M) of the deformed arch that links the first and second

principal points, (X1F Y1F) and (X2M Y2M).

30 Assuming the length of the deformed arch stays constant, calculate the final coordinates of the second

principal point (X2 F Y2F) by rotating the deformed arch about the first principal point (X1F Y1F) until it

once again makes contact with the keystone. Also, calculate the final orientation of the deformed arch

(02F) that now links the first and second principal points, (XIF YF) and (X2F Y2F)-

22



31 Calculate the vertical deflection of the keystone (AY) using the initial and final coordinates for the

second principal point, (X2 1 Y21) and (X2F Y2F).

32 Calculate the rotation of the arch (OROT) using the orientation of the deformed arch (0
2m) and the

orientation of the final arch (0 2F).

33 Calculate the final coordinates of the third and fourth principal points-(X3F Y3F) and (X4F Y4F)-by

rotating the point (X3M Y3M) about (X1F Y1F) and the point (X4m Y4M) about (X2F Y2f) both by the arch

rotation (OROT).

34 Calculate the joint opening of the arch-wall joint (AX3) using the deformed and final coordinates of the

third principal point (X3M and X3F). Similarly, calculate the joint opening of the arch-keystone joint

(AX4) using the deformed and final coordinates of principal point 4 (X4M and X4F).

35 Solve for the arch-wall reaction force orientation (OR) numerically such that the total jack load (Jr) is

zero when the horizontal thrust reaches its final state. At this point, if the calculations were automated

correctly, all of the calculation results should match those presented in the main body of this study.

A more detailed approach is laid out in Appendix I.
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2.3 Construction Monitoring

This section lays outs the instruments and approach used for monitoring and processing the data obtained

during the critical phase of construction-the lowering of the vault.

During the vault-lowering process, two sets of measurements were recorded: the load in the scaffolding was

measured using scales and the opening of several key joints was measured using crack monitors.

2.3.1 lacks

The plan was to slowly lower the vault stones into place, so jacks were placed on top of the scaffolding to

provide the small yet necessary movements-as shown in Figure 2.4.

Figure 2.4: Photo of Jacks Supporting Stones (Corentin Fivet)

Furthermore, each vault stone was supported by four jacks, as shown in Figure 2.5. Although Stone Al is

only shown with three supporting jacks, there was in fact a fourth that was so close to Jack JAlb that it was

ignored.
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Figure 2.5: Jack Layout
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2.3.2 Scales

To actually monitor the load in the scaffolding, eleven Saga TT-10k scales-as shown in Figure 2.6-were

situated underneath the scaffolding according to Figure 2.7.

Figure 2.6: Photo of Scales in Action (Corentin Fivet)

Ideally, there would have been a scale for each jack, but this was not feasible due to spatial constraints.

Considering the weight of the vault stones, the required scale capacity was determined assuming an

appropriate factor of safety. Although each scale has four legs each with a 50001b-capacity load cell, the

maximum recommended loading for the scale is 6,3001b as a point load applied anywhere but directly atop a

load cell, or 10,0001b as a uniform load. Thus the load on each scale was maintained below 6,0001b

throughout.
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2.3.3 Crack Monitors

The joints were monitored using simple displacement gauges, as shown in Figures 2.8 and 2.9. Because the

precision of the gauges was only to the nearest millimeter, calipers were used in conjunction to provide a

much-improved precision of 0.03mm. Thus, the gauges themselves served as more of a snapshot of the joint

conditions when installed, and served to provide the means of measuring the deformations, but not the

measurements themselves.

Figure 2.8: Photo of a Crack Monitor in Action (Corentin Fivet)

Figure 2.9: Crack Monitor (Avongard)
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Crack monitors were attached to the Collier Memorial at twenty-four locations, as shown in Figure 2.10.

Crack Monitor 6 was not installed due to an obstructing brace.
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Figure 2.10: Crack Monitor Layout (Cord 2015)

For the purpose of this study, only data provided by nineteen of the crack monitors was used, specifically

those located at the arch-wall and arch-keystone joints for each leg.
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2.3.4 Approach

The following methodology lays out the approach for compiling the load monitoring data in such a way that

could be compared to the results of the hand calculations.

1 Prior to lowering the vault, periodically log the scale loads, and monitor the changes with time and

temperature.

2 During the vault-lowering process, calculate the total load each inner ring stone (Al, B1, C1, D1, and

El) applies to the scaffolding (J1).

3 During the vault-lowering process, calculate the total load each outer ring stone (A2 and E2) applies to

the scaffolding (J2). There was supposed to be a scale underneath Stone A2; however, why it was not

placed is unknown.

4 Calculate the horizontal thrust in each leg using two-dimensional equilibrium to balance out the arch

stone weights (W) and the jack load (J1) from Step 2. All other properties can be obtained from

Section 2.2.2.

5 Calculate the total load each outer ring stone (A2 and E2) applies to the scaffolding (J2) using the

horizontal thrust calculated in Step 4 and all other properties from Section 2.2.2. Although there was a

scale situated underneath Stone E2, a calculation was performed both using this fact (Step 3) and

ignoring this fact (Step 5) in order to see what similarity exists.

6 Calculate the total load each leg applies to the scaffolding (JT) by summing the two jack loads (J1 and J2).

A more detailed approach is laid out in Appendix I.

The joint opening monitoring data was compiled by William Cord (Cord 2015), and the horizontal

components of the joint openings were used in this study. A summary of all measurements applicable to this

study, including those from William Cord, are found in Appendix II.

30



Chapter 3 - Results

This chapter presents the results of this study in the form of both predicted and observed load and stiffness

plots.

3.1 Hand Calculations

This section presents the results of the hand calculations, which include both predicted scale loads prior to

vault-lowering and predicted deformations during vault-lowering.

3.1.1 Predicted Scale Loads Prior to Drop

When determining the appropriate scale capacity, a calculation was performed to determine the vault load

going into each jack prior to any lowering. In turn, the load on each scale was calculated by summing up the

load in all appropriate jacks, and the results are summarized in Table 3.1; the full formulation and results are

presented in Appendix 1.

Scale Force (LB)

____ e 2D-An--- -
Ala 3557 3488

Alb 3557 3434

Alc 3557 3748

Bla 1828 1764

Blc 1828 1717

BC 4229 3517

Dla 3562 2773

Did 3562 3802

Ela 3892 3509

Eld 3892 3200

E2d 2220 -

Table 3.1: Predicted Scale Loads Prior to Drop

The approximate values are calculated by simply dividing the weight of each vault stone among each

supporting jack while the 2D analysis values are calculated using moment equilibrium about the stone

centroid. By looking at Table 3.1, it is clear that the scales have a fair bit of extra capacity for unexpected

loads during the lowering process.

31



3.1.2 Predicted Stiffness During DroD

Rather than define a single predicted stiffness profile, because the Collier Memorial is a highly indeterminate

structure, a range of possible stiffness profiles was more appropriate, bounded by stiff and soft situations.

"Stiff" describes having full shim contact at each joint while "soft" describes having only partial shim contact

at each joint.

As a sample of the results, the following three plots-Figures 3.1, 3.2, and 3.3-show the theoretical

relationship between load-shedding and three key deformations-the keystone vertical deflection, the arch-

wall joint opening, and the arch-keystone joint opening-for Leg A.

0.50 1.00 1.50 2.00 2.50
Keystone Verical Deflection [mm]

Figure 3.1: Predicted Keystone Vertical Deflection (Leg A)
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Figure 3.2: Predicted Arch-Wall Joint Stiffness (Leg A)
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Figure 3.3: Predicted Arch-Keystone Joint Stiffness (Leg A)
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By looking at Figures 3.1, 3.2, and 3.3, there are two main affirmations. First, the load-deformation

progression is linear, and this stems from the assumption that the thrust line geometry remains constant with

increasing thrust. Second, as more load is shed from the scaffolding, the "soft" predictions all develop more

deformation than the "stiff' predictions, as is rational.
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3.2 Construction Monitoring

This section presents the results of the construction monitoring, which includes an account of the scale loads

prior to vault-lowering, a summary of the lowering progression, and accounts of the load-shedding,

horizontal thrust development, and stiffness behaviors during the vault-lowering. All plots have been refined

to not include the weight of the scaffolding.

3.2.1 Scale Loads Prior to Drop

Prior to lowering the vault, scale loads were recorded on eight separate occasions, as shown in Figure 3.4. The

stones were shipped in gradually throughout the winter, so loads were not recorded for every scale on every

day. For a while, many scales supported no stones.
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-o*Blc
-e-B~C

*Dia

,a-Dld

Ela

-- Eld

E2d

0 a i I

1/23/2015 1/29/2015 2/4/2015 2/10/2015 2/16/2015 2/22/2015 2/28/2015 3/6/2015 3/12/2015 3/18/2015 3/24/2015 3/30/2015

Date

Figure 3.4: Scale Loads Prior to Drop

By examining Figure 3.4, it is clear that the scale loads were relatively constant for the month leading up to

the critical constriction phase. What might explain the sudden jumps on March 30th is the fact that, since the

time of the previous measurements, the tent was erected and the temperature increased drastically. This may

represent a small change in the scale geometry due to thermal expansion, rather than a change in actual load

acting on the scale.
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Table 3.2 shows the difference between the predicted scale loads prior to vault-lowering and those actually

observed.

Table 3.2: Scale Loads Prior to Drop (Comparison)

Table 3.2 clearly shows that the predicted scale loads prior to vault-lowering were quite close to those

observed. Of course, the calculation assumed that there was no contact between the stones-which was

simply not the case-and this assumption might explain the difference.

35

_Scale Force (LB) Difference
___rox 2D Analysis Actual

Ala 3557 3488 3356 -3.93%
Alb 3557 3434 3468 +0.97%
Aic 3557 3748 3436 -9.07%
Bla 1828 1764 2433 +27.5%
Blc 1828 1717 1298 -32.3%

BC 4229 3517 4506 +220/o

DIa 3562 2773 2215 -25.2%

Did 3562 3802 4035 +5.76%
Ela 3892 3509 3287 -6.74%

Eld 3892 3200 3417 +6.34%
E2d 2220 - 2633 +15.7%



3.2.2 Summary of Drop Progression

On March 31, 2015, the day of the critical construction phase, the vault-lowering process occurred over a

seven-hour period, and the stages are summarized in Table 3.3. The last column clarifies whether or not

construction workers were standing on the scaffolding when the scale load measurements were recorded.

Drop Date Description Guys?

1 3/31/2015 Initial measurement N
2 3/31/2015 Diagonals removed N
3 3/31/2015 1st keystone drop Y
4 3/31/2015 1st vault drop N
5 3/31/2015 2nd keystone drop Y
6 3/31/2015 2nd vault drop Y
7 3/31/2015 3rd keystone drop and 3rd vault drop N

8 3/31/2015 4th keystone drop Y
9 3/31/2015 4th vault drop N

10 3/31/2015 5th keystone drop Y
11 3/31/2015 5th vault drop N
12 3/31/2015 6th keystone drop Y
13 3/31/2015 6th vault drop Y
14 3/31/2015 7th keystone drop Y
15 3/31/2015 7th vault drop N
16 3/31/2015 8th keystone drop Y
17 3/31/2015 8th vault drop Y
18 3/31/2015 9th keystone drop and 9th vault drop Y
19 3/31/2015 10th keystone drop and 1 0 th vault drop N
20 3/31/2015 11th and final keystone drop and 11th vault drop (outlying ring) N
21 3/31/2015 12th vault drop (outlying ring) Y
22 3/31/2015 13th and final vault drop on Drop Day N
23 4/07/2015 1st post-drop measurement. Joints have been grouted. Tent is still up. N
24 4/09/2015 2nd post-drop measurement. Tent is down. Prior to scaffolding liberation. N
25 4/09/2015 3rd post-drop measurement. Post scaffolding liberation. N

Table 3.3: Summary of Drop Progression
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3.2.3 Load During Drop

Figure 3.5 shows the load-shedding progression on a leg-by-leg basis as the vault was lowered. A description

of each lowering stage can be found in Table 3.3.
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Figure 3.5: Total Scale Loads for Individual Legs

Figure 3.6 shows the total load-shedding progression as the vault was lowered, and this is simply the

summation of the results presented in Figure 3.5.
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Figure 3.6: Total Scale Load
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According to Figures 3.5 and 3.6, the load in the scaffolding was shed at a fairly constant rate. The jumps

present at Drops 3, 5, 8, 10, 12, 14, and 16 occurred after lowering the keystone, which became increasingly

supported by the vault at every stage. To account for the keystone weight, which was applied gradually, the

amount of weight added by lowering the keystone-in Drops 3, 5, 8, 10, 12, 14, 16, 18, 19, and 20-was set

aside and factored appropriately into the initial scale load so that the "% Initial" values factored in the

keystone. Due to haste, a set of scale readings was not taken in between the dropping of the keystone and the

dropping of the remaining vault for Drop 7. Therefore, whatever unaccounted keystone weight remained

after Drop 16-the point when the keystone was no longer supported by the jacks-was added to the initial

scale load at Drop 7.

The plots are split at Drop 22 because this was the final stage of the critical construction phase. After Drop

22, the jacks supporting each vault stone were raised slightly so construction workers could grout knowing

the scaffolding, although not supporting much, was at least in contact with the stones should anything

happen. This fact explains why the scale loads increase after Drop 22, because some load was shed from

arching back into the scaffolding.

38



3.2.4 Horizontal Thrust During Drop

From the scale load data, a representative jack load (Ji) was calculated for each leg,

calculate the horizontal thrust using the approach laid out in Section 2.3.4. Figure 3.7

approach.

0
1-4

1100/0

100%/

900/0

80%

70%

60%

50%

40%

308/

10%/

0 5,000 10,000 15,000 20.000 25,000 30,000 35,000

HorizontaI Thrust Pb]

Figure 3.7: Horizontal Thrust
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shows the results of this
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According to Figure 3.7, all legs developed horizontal thrust in a linear fashion, and this was expected

considering the scaffolding load was expected to shed linearly. However, it is unclear why Leg E shows odd

behavior both at the initial and final states. The raising of the vault after Drop 22 would explain why the scale

loads increased near the end, but not why the horizontal thrust followed a different path in doing so. In other

words, by considering the main portion of the Leg E plot and extending it down to the horizontal axis, the

horizontal thrust would read somewhere around 45,0001b and not 39,0001b. Seeing as all other legs produced

expected results, this odd behavior must stem from the fact that Leg E was troublesome during the entire

vault-lowering process; it did not seem to take thrust for the first half of the lowering,

Figure 3.7 may not demonstrate particularly valid results because it takes into account only the scale loads,

while all other properties-the weights, lever arms, and arch-wall reaction force orientations-are taken from

the hand calculations. This explains why the results so closely match the predicted behavior, and might also

explain the odd behavior of Leg E in Figure 3.7. Without factoring in the deformation, Figure 3.7 is at best a

simplified representation of the hand calculations. For a more thorough determination of the actual

horizontal thrust during the vault-lowering, refer to the work of William Cord (Cord 2015).
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3.2.5 Stiffness During Drop

By combining both the scale load and joint opening data, stiffness plots, which compare the amount of load

shed from the jacks to the amount of consequent deformation, served as a visual summary that the team

could use to make decisions about the vault lowering in real-time. Using plots like those found in Section

3.1.2, but for each leg and progressively adding actual data as it presented itself, the performance of the

memorial was monitored and deemed acceptable after every stage so long as the keystone did not vertically

deflect more than 15mm and the joints did not open more than 2mm. The following list of notes applies to

the stiffness plots:

1 The keystone vertical deflection data was recorded by Feldman Land Surveyors by taking shots at the

five points of the keystone. The values used in the plots are averages of the two points closest to each

leg. Although these measurements were recorded alongside joint measurements, only the initial and

final positions of the keystone were released, and this is why the plots of the actual data are perfectly

linear.

2 In all stiffness plots, there is mention of "slop," and, simply put, this parameter refers to the

imprecision in stone placement; slop, or the additional space in joints, is bad because it leads to higher

deformations. In order to measure how much slop was present in each leg, the "soft" prediction

employs a representative outward displacement to the leg until the actual construction data is enclosed

within the "stiff" and "soft predictions. Whatever outward displacement produces this result is known

as the "slop."

3 For all of the following stiffness plots, the final two measurements occasionally show odd behavior.

At the conclusion of Drop 21, slipping occurred at the arch-wall joint for Leg E, and this best explains

the second-to-last measurement. As explained in Section 3.2.3, the jacks supporting each vault stone

were raised slightly after Drop 22, and best explains the last measurement.

4 For all of the following stiffness plots, the vertical axis, labeled "Total Scale Load," refers to the total

scale load for the particular leg. Similarly, the "vault load" is the vault load for the particular leg.

5 From the time the crack monitors were installed until the critical construction phase, the joints gained

or lost load acting through them, causing them to open or close before any vault-lowering took place.

However, for simplicity, the initial joint openings for the critical construction phase were reset. Along

with the fact that the initial scale readings served as the 100% point, all of the following data for the

critical construction phase is relative to the initial values.
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Figure 3.8 shows the progression of the keystone's vertical deflection for Leg A, Figure 3.9 shows the

progression of the arch-wall joint opening for Leg A, and Figure 3.10 shows the progression of the arch-

keystone joint opening for Leg A.

i
0

Ho

100%

900A

80%

700A

60%

50%

400

30%

20%

109

00/.
0.

mAy.

906/

WIOw

70%

60%

50%

40%/

30*/*

10%

0%

00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.

Keystone Vertical Deflection [mm]

Figure 3.8: Keystone Vertical Deflection (Leg A)
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Figure 3.10: Arch-Keystone Joint Stiffness (Leg A)

Figure 3.8 shows the maximum vertical deflection of the keystone for Leg A to be about 4.57mm, and this

observation corresponds to roughly 0.20mm of slop acting across all joints in Leg A.

Figure 3.9 shows the arch-wall joint for Leg A initially being disengaged, leaving all new load to transmit

through the vault and into the other legs. Once about 40% of the vault load was shed from the scaffolding,

the joint began developing thrust and therefore began opening up as expected.

Figure 3.10 shows the arch-keystone joint for Leg A alternating between taking and losing load throughout

the vault-lowering process. At first glance, this joint appears to show the most unreasonable behavior of any

joint. However, other than the one instance of drastic closing, this joint shows very consistent behavior

hovering around no joint opening. This outlier could have easily resulted from faulty measuring, but it is not

inconceivable that the load, for only a short time, diverted away from this joint but ultimately found its way

back.
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Figure 3.11 shows the progression of the keystone's vertical deflection for Leg B, Figure 3.12 shows the

progression of the arch-wall joint opening for Leg B, and Figure 3.13 shows the progression of the arch-

keystone joint opening for Leg B.
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Figure 3.11 shows the maximum vertical deflection of the keystone for Leg B to be about 5.33mm, and this

observation corresponds to roughly 1.10mm of slop acting across all joints in Leg B.

Figure 3.12 shows the arch-wall joint for Leg B taking load throughout the vault-lowering process. Only once

about 6 0% of the vault load was shed from the scaffolding did the joint cease to take any more load and thus

cease to open any further. This joint opened the most of any arch-wall joint, which might indicate that Leg B

was a pivotal leg in taking thrust.

Figure 3.13 shows the arch-keystone joint for Leg B initially taking load. However, once about 20% of the

vault load was shed from the scaffolding, the joint began alternating between taking and losing load with no

significant net result. During the final two stages of the vault-lowering process, this joint drastically closed

which was most likely caused by the slipping of the arch-wall joint for Leg E (Cord 2015).
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Figure 3.14 shows the progression of the keystone's vertical deflection for Leg C, Figure 3.15 shows the

progression of the arch-wall joint opening for Leg C, and Figure 3.16 shows the progression of the arch-

keystone joint opening for Leg C.
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Figure 3.16: Arch-Keystone Joint Stiffness (Leg C)

Figure 3.14 shows the maximum vertical deflection of the keystone for Leg C to be

observation corresponds to roughly 0.85mm of slop acting across all joints in Leg C.

0.60 0.70

about 4.27mm, and this

Figure 3.15 shows the arch-wall joint for Leg C initially closing before taking load. Once about 55% of the

vault load was shed from the scaffolding, the joint essentially disengaged, leaving all new load to transmit

through the vault and into the other legs.

Figure 3.16 shows the arch-keystone joint for Leg C initially closing before taking load. Once about 55% of

the vault load was shed from the scaffolding, the joint faintly closed from load redistribution, followed by

drastic closing most likely caused by a final shifting of the stones in reaching equilibrium.
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Figure 3.17 shows the progression of the keystone's vertical deflection for Leg D, Figure 3.18 shows the

progression of the arch-wall joint opening for Leg D, and Figure 3.19 shows the progression of the arch-

keystone joint opening for Leg D.
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Figure 3.18: Arch-Wall Joint Stiffness (Leg D)
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Figure 3.17: Keystone Vertical Deflection (Leg D)
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Figure 3.19: Arch-Keystone Joint Stiffness (Leg D)

Figure 3.17 shows the maximum vertical deflection of the keystone for Leg D to be about 3.35mm, and this

observation corresponds to roughly 0.55mm of siop acting across all joints in Leg D.

Figure 3.18 shows the arch-wall joint for Leg D taking load throughout the vault-lowering process. This joint

opened the second most of any arch-wall joint, which might indicate that Leg D was a pivotal leg in taking

thrust.

Figure 3.19 shows the arch-keystone joint for Leg D initially closing before taking load. Once about 50%/ of

the vault load was shed from the scaffolding, the joint began alternating between taking and losing load with

no significant net result; this behavior is easily explained by the redistribution of load throughout the vault,

which further suggests that Leg D was a pivotal leg in taking thrust.
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Figure 3.20 shows the progression of the keystone's vertical deflection for Leg E, Figure 3.21 shows the

progression of the arch-wall joint opening for Leg E, and Figure 3.22 shows the progression of the arch-

keystone joint opening for Leg E.
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Figure 3.20 shows the maximum vertical deflection of the keystone for Leg E to be about 3.20mm, and this

observation corresponds to roughly 0.55mm of slop acting across all joints in Leg E.

Figure 3.21 shows the arch-wall joint for Leg E initially taking some load before disengaging, leaving all new

load to transmit through the vault and into the other legs. Once about 35% of the vault load was shed from

the scaffolding, the joint began taking load. The sudden and drastic closing of this joint occurs almost

certainly from the slipping of the arch-wall joint for Leg E (Cord 2015).

Figure 3.22 shows the arch-keystone joint for Leg E taking load throughout the vault-lowering process.

Despite the leg as a whole not reasonably developing thrust, this joint opened the most of any joint, which

might indicate that it was pivotal in taking load and distributing it throughout the vault.
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3.2.6 Summary

Table 3.4 summarizes the theorized slop for each leg based upon the slop necessary to produce the observed

deformations-the keystone vertical deflection, the arch-wall joint opening, and the arch-keystone joint

opening.

Leg__ Construction Slop (mm)

I Mid-Span Arch-Wall h-Keyston Averag

A 0.20 0.00 0.05 0.08

B 1.10 0.65 0.40 0.72

C 0.85 0.10 0.65 0.53

D 0.55 0.50 0.50 0.52

E 0.55 0.10 2.15 0.93

Table 3.4: Summary of Construction Slop

Looking at Table 3.4, the construction slop is remarkably small, especially considering how difficult it must

have been situating each stone for a structure this large to within a fraction of a millimeter. Additionally,

whatever slop is theorized might not actually be slop, but rather a result of more load passing through

particular joints than expected, and this larger force could be the reason for the larger joint openings.

Due to the indeterminacy of the memorial, it was expected that joints would not open/close in the most

favorable way. However, from all of the plots, it is clear that the force in the vault developed in a plausible

manner. Force is directed such that it reaches the ground with the least difficulty, so it makes sense that joints

open and close to accommodate these shifts in load paths.

According to Figures 3.8 to 3.22, it is clear than some joints were more engaged than others, specifically the

arch-wall joint for Leg D and the arch-keystone joint for Leg E. Despite the indeterminacy, these two joints

consistently took on new load. All arch-keystone joints besides that for Leg E alternate between opening and

closing, and this suggests that the load is not always coming together at the keystone; the thrusts associated

with a select group of legs always meets at the keystone, but which legs contribute varies throughout the

vault-lowering process. Although not nearly as pronounced, the walls also engage differently throughout the

vault-lowering process. As the arch-wall joints open and close, different walls are being engaged to support

the vault. For the most part, the walls consistently take new load, but not without periods of disengagement.

It is never the case that a wall is carrying no thrust, but the distribution of thrust varies significantly among

the walls during the lowering of the vault.
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Chapter 4 - Discussion

4.1 Scaffolding Load: Hand Calculations

Looking at Table 3.2, the predicted scale loads prior to lowering are all very close to those observed, and the

discrepancy lies with the fact that the stones were in contact with each other and thus thrust had begun

forming prior to any vault lowering. This fact explains why all of the joints had some initial joint

opening/closing. However, as explained in Section 3.2.5, because the hand calculations only considered the

vault-lowering process and assumed no prior contact between the stones, the joint openings were reset to

zero before any lowering took place. As introduced in Section 2.2, the jacks must only balance the horizontal

thrust, so it logically follows that the load-shedding behavior is linear, as shown in Figures 3.1, 3.2, and 3.3.

4.2 Scaffolding Load: Construction Monitoring

By looking at the scale load plots during the drop-Figures 3.5 and 3.6-it is clear that the load-shedding

behavior is almost perfectly linear considering the fact that the periodic jumps are caused by the gradual

addition of keystone weight. If the keystone weight is rather applied fully at the start, the linear shedding

behavior is even more pronounced, as shown in Figure 4.1.

_ L _______

2 3 4 5 6 7 8 9

- 4 -~

--I.

10 11 12 13 14

Drop Count
15 16 17 18 19 20 21 22 23

Figure 4.1: Total Scale Load (Apply Keystone Weight at the Start)

Considering the corroboration of analytical and monitoring results, the approach laid out in this study is valid

for predicting the load-shedding behavior.
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4.3 Joint Openings: Hand Calculations

Although the scaffolding load is shed at a constant rate, the joints should not open in a similar fashion.

Intuitively, the joints should open slowly at the beginning and quickly at the end. This increase in opening rate

stems from the fact that the structure becomes increasingly engaged by the thrust as the thrust increases from

zero, and thus the thrust line becomes increasingly more enclosed by the structure. Although this study's

methodology is rather simple, the joint openings that were computed should be valid for any thrust state

greater than minimum. However, what is not so clear is how to logically compute the joint openings for states

lower than minimum. For the purposes of this study, it was assumed that the thrust line geometry remains

constant with increasing thrust, and it is this assumption that causes the deformations from the hand

calculations to increase linearly, as shown in Figures 3.1, 3.2, and 3.3. Consequently, these calculations are

conservative because the calculated deformations are larger than what is rational. A possible improvement

which illustrates this notion is presented in Section 4.5.

4.4 Joint Openings: Construction Monitoring

Ideally, the scaffolding load would have distributed gradually and appropriately among all five legs, causing

joints to open consistently across the board. However in reality, because the system is both highly

indeterminate and highly asymmetrical, the scaffolding load shed into only a few legs at a time, causing lulls

and jumps in deformations.

Leg A is the only leg that had its arch-wall joint actually close during the early stages of the critical

construction phase, which suggests that whatever thrust was initially present dissipated as the vault began

lowering. Additionally, the jacks supporting Leg A and Leg E-the two longest legs-shed quite a bit of load

without any deformation occurring at the corresponding arch-wall joints, as found in Figures 3.9 and 3.21.

This situation suggests that, in the beginning, the vault load found its way almost entirely into the shorter legs,

as found in Figures 3.12, 3.15, and 3.18.

At the end of the vault-lowering, the jacks were all raised slightly in order to try to relieve some of the

slipping in Leg E. This explains why many of the joints closed at the end-specifically, the arch-wall joints in

Legs C and E and the arch-keystone joints in Legs A, B, and C. All other joints either opened or did not

change, suggesting that those joints formed the final primary load path.
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4.5 Possible Improvement

If the key calculation assumption-that the thrust line geometry remains constant with increasing thrust-is

relaxed so that the thrust line geometry in fact changes for different horizontal thrusts, the behavior appears

to be more plausible, as shown in Figure 4.2. The sudden jumps in the plot are due to the fact that for a

thrust bar to be considered, it must lie entirely within the structure; the jumps are from when a new bar is

considered in the deformation calculations.
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Figre .2:Arch-Wall joint Stiffness (Leg A) (Refined)

Although more accurate, this approach might still not be perfectly valid for two reasons. First, this approach

underestimates the deformations for a given thrust. In reality, stones can deform so long as any thrust passes

through them while, for practical reasons, only deformations for stones with a fully-enclosed thrust line are

considered. However, since the thrust state is below minimum, the forces and therefore the deformations are

quite small, leaving any deformation error to be even smaller. Second, this approach does not consider the

position of the intrados hinge as a variable; it is assumed to always be at the arch-wall joint. For states lower

than minimum, the intrados hinge should be within the arch, so the deformations should be smaller due to a

smaller rotating arm. Obviously, there are so few stones that hinges would only form at the few joint

locations, or perhaps where the jacks make contact with the stones due in part to a soft padding used to

protect the stones. All said, this issue opens up a bit of uncertainty for the validity of the calculations.

Although the magnitudes are difficult to weigh, the two described errors cancel each other out in some form,

and so the approach laid out in this study could prove to be quite valid for deformation calculations.

However, there is definitely some room for improvement in the calculations.
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Chapter 5 - Conclusions

The main goal of this study was to shed as much load from the scaffolding into arching before stopping to

grout, and to accomplish this goal two questions had to be answered and implemented into a real-time

visualization of the Collier Memorial's performance.

The first question was how to accurately predict the progression of load transfer and joint opening using a

simple analytical approach. First, the jack loads were calculated using two-dimensional equilibrium by

assuming a constant arch-wall reaction force orientation and by varying the horizontal thrust. Second, the

deformations were calculated using thrust line analysis and both plastic and elastic theory to determine what

arch-rotation was necessary to account for the shrinkage of the stones/shims such that the arch would still

remain in contact with the keystone.

The second question was how to rationally compile the monitoring data in real-time to produce results that

could be compared to the hand calculations. As for the scale load measurements, this study summed the scale

loads according to leg. Because there was an incomplete picture of the vault load due to limited space and

therefore a limited number of scales, the compiled scale loads were moderately derived. As for the joint

opening measurements, this study considered only the horizontal components.

By looking at the results, and by taking into account the concept of construction slop which was quite small,

the analytical approach considered in this study predicted quite accurately the load-shedding and deformation-

forming behaviors of the Collier Memorial.

As demonstrated in Section 4.5, refining the calculations one step further produces results that match

significantly better to the observed data which further supports the notion that simple hand calculations are

capable of producing accurate solutions to complex problems.

Having such close corroboration between the hand calculations and construction monitoring data allowed

almost 96% of the scaffolding load to be shed before stopping. Somewhere in the process, Stone E2 had a

small downward slip (about 1mm) in relation to Stone E3, and, in order to conform to aesthetic constraints as

well as the tight construction schedule, the team felt it was too risky to continue lowering the vault for the

final 4% of self-weight all the way to scaffolding liberation. This was still, by all accounts, a success. One

drawback is that, after the vault-lowering process was complete, the construction team slightly raised the jacks

so that they just made contact with the vault; at least, that was the plan. In reality, about 15% of the vault load

went back into the scaffolding from this action, so the grouted steel helped to support about 20% of the self-

weight rather than the 4% that existed at the end of the lowering.
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Appendix I: Hand Calculations

Approach

Hand Calculations

The following approach outlines the calculations for Leg A, and this approach is replicated for the other legs with all
necessary modifications.

1 Determine the weight (W) and centroid (Xc Yc) of each stone.

2 Determine the coordinates of the four critical points: (XMIN1 YMINI), (XMIN2 YMIN2), (XMAXl YMAxi) and (XMAX2
YMAX2).

3 Calculate the lever arms for each applicable stone in both the minimum (LWMIN) and maximum (LwMAx) thrust
states.

K LwOMIN = XCO XMIN

LWOMAX = -XMAX1

Al Lw1MIN = X- XMIN1

Lw1MAX = -XMAX1

A2 LW2MIN XC - XMIN1

Lw2MAX = X- XMAX1

A6 LW3MAX = X- XMAX1

A3 Lw4MAX = X- XMAX1

A5 LW5MAX = Xcs - XMAx1

A4 Lw6MAX = X6- XMAX1

4 Calculate the lever arm for the horizontal
states.

thrust in both the minimum (LHMIN) and maximum (LHMAx) thrust

Minimum Thrust LHMIN =MIN2 ~ MIN1
Maximum Thrust LHMAX = YMAX2 - YMAX1

5 Calculate the theoretical horizontal thrust for both the minimum (HMIN) and maximum (HMAX) thrust states.

Minimum Thrust HMIN =O(WLWiMIN)

LHMIN

Z'=(WL~WMAX)
Maximum Thrust HMAX = O LHMAX
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6 Specify the expected final horizontal thrust (H).

7 Calculate the coordinates of the point where the final thrust passes through the arch-keystone joint (XH YH).

XH = XMIN2

Y= YMIN2 H - HMN (YMIN2 - YMAX2)
HMAX - HMIN

8 Calculate the lever arm for the final thrust (LH).

LH = H - MIN1

9 Calculate the accumulation of weight the thrust force must progressively balance (WT).

K WTO = WO

Al WTl = >j(W)

i=2
A2 Arch WT 2 = i)

L=2
A2 Wall W3 = (Wi)

i=3
A6 WT 4 = i)

i-4

A3 WTs = (W )
i=O

10 Calculate the orientation of each thrust bar (0).

K 00 = tan-'

Al 01 = tan- T

A2 Arch 02 = tan- 1  
T2

A2 Wall 03 = tan-1 (143)

A6 04 = tan- (4)

A3 05 = tan-1 TW)

11 Determine the initial coordinates of the third and fourth principal points, (X3 1 Y31) and (X41 Y41).

12 Determine the orientation of the two considered joints, that for the arch-wall joint (013) and that for the arch-
keystone joint (02-4).

Arch-Wall 013 = tan-1
3- NH

Arch-Keystone 024 = tan-' (
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13 Define the initial state of the arch as a bar that links principal point 1 (Xii Y11) to principal point 2 (X21 Y21).

14 Deterrine the endpoint coordinates of each thrust bar, (XRIGHT YRIGHT) and (XLEFT YLEFT)-

XRIGHTO = XH

K YRIGHTO ~H

XLEFTO =XC1

YLEFTO ~ RIGHTO - (XRIGHTO - XLEFTO) tan( 0)

XRIGHT1 = XLEFTO

Al YRIGHT1 =LEFTO

XLEFT1 XC2

LEFT1 =RIGHT1 - (XRIGHT1 - XLEFT1) tan(0 1)

XRIGHT2 = XLEFT1

YRIGHT2 =LEFT1

A2 Arch XLEFT2 XRIGHT2 tan(02 ) - XMIN1tan(6 1 3)] - (YRIGHT2 YMIN1

tan(0 2) - tan(6 1-3 )
(XRIGHT2 - XMIN1 tan(0 2) tan(1-3) - [YRIGHT2 tan( 1 3 - YMIN1 tan(6 2)]

tan(6 2) - tan(61-3)

XRIGHT3 = XLEFT2

A2 Wall YRIGHT3 =LEFT2

XLEFT3 =XC3

LEFT3 =RIGHT3 - (XRIGHT3 - XLEFT3) tan( 3 )

XRIGHT4 = XLEFT3

A6 YRIGHT4 =LEFT3

XLEFT4 = XC4

LEFT4 = YRIGHT4 - (XRIGHT4 - XLEFT4) tan(04 )

XRIGHT5 = XLEFT4

YRIGHT5 =LEFT4

A3 YLEFT5 =MAX1

X =5 XR -(YRIGHT5 - YLEFT)
LEFT5 RIGHT - tan(0 5 )

15 Calculate the length of each thrust bar (L).

K LO = (XRIGHTO - XLEFTO)
2 + (RIGHTO - YLEFTO)

2

Al = V(XRIGHT1 - XLEFT1)
2 + (RIGHT1 - YLEFT1)

2

A2 Arch L2 = V(XRIGHT2 - XLEFT2)
2 + (YRIGHT2 - YLEFT2)

2

A2 Wall L3 = XRIGHT3 - XEFT3)
2 + (RIGHT3 - YLEFT3)

2

A6 L4 = V(XRIGHT4 - XLEFT4)
2 + (RIGHT4 - YLEFT4)

2

A3L5 = (XRIGHT5 - XLEFT5)
2+ (RIGHT5 - YLEFT5) 2
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16 Calculate the lever arm for each applicable stone in the final thrust state (Lw).

K Lwo = Xco

Al Lw1 =Xc 1

A2 Lw 2 = Xc 2

- XLEFT2

- XLEFT2

- XLEFT2

17 Determine the initial coordinates of the first two principal points, (Xii Yl1) and (X21Y21).

Principal Point 1

Principal Point 2

XV1 XLEFT2

Y1I - YLEFT2

X 2 1 =XRIGHTO

Y2= YRIGHTO

18 Calculate the initial length of the two considered joints, that for the arch-wall joint (L1 3) and that for the arch-
keystone joint (L2-4).

Arch-Wall L1 3 = - X11) 2 + (Y 3 1 - 1)2

Arch-Keystone L2 _4 = - X21)2 + (Y 41 -2)2

19 Specify how many shims (NSH) are expected to engage
contact area (ASHT) using the area for a single shim (ASH)-

K

Al

A2 Arch

A2 Wall

A6
A3

ASHTO
ASHT1

ASHT2

ASHT3

ASHT4

ASHT5

for each joint, and calculate the associated total shim

NSHOASH

NSH1ASH

NSH2ASH

NSH3ASH

NSH4ASH

NSHSASH

20 Specify how much stone contact width (T) and contact depth (D) are expected to engage for each thrust bar, and
calculate the associated total stone contact area (AsT).

K

Al

A2 Arch

A2 Wall

A6

A3

ASTO - TODO
ASTI = T1D,
AST 2 = T2 D2

AST 3 = T3 D3

AST4 = T4 D4

ASTS T5D5

21 Specify a reasonable arch-wall reaction force orientation (OR).

22 Perform all subsequent steps while varying the horizontal thrust from zero to the final thrust (H).
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23 Calculate the jack loads (J1 and J2).

W1(Lw1 - Lw2 ) + Wo(Lwo - Lw2) - H(LH - Lw2 tan 6)
Jack 1 1 = Lw, - Lw 2

0 J50

Jack 2 12 =

(W2 (Lw1 - Lw2) - Wo(Lwo - Lw1 ) + H(LH - Lw1 tan 6)
Lw 1 - Lw2

Wo + W1 + W2 - H tan OR

24 Calculate the force in each thrust bar (F).

K

Al

H
F0 o =

cos 60
H

F1 =
cos 61

H
A2 Arch F2 = cos 62

H
A2 Wall F3 = cos 63

A6

A3

H
F4 =

cos 64
H

Fs =
cos 65

1 > 0

J1 = 0
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25 Calculate the total shrinkage of each thrust bar (AL) by summing the contributions from the shims (ALSH) and the
stones (ALST).

FOLSH
ALSHO = ESHASHTO ASHTO 0

K 0  ASHTO 0

ALSTO = - aST LOAT
ESTASTO

ALO = ALSHO + ALSTO

e, FlLSH ST>0
ALSH1 = ESHASHT1 AsHT1 0

Al 0 ASHT1 0
A F1 L1

STl ESTAST1 STLAT

AL1 = ALSH1 + ALSTI

P F2 LSH

ALSH 2 = ESHASHT2 ASHT2 0
0 ASH -2=

A2 Arch F. 0 SH

ALSTZ = -- aSL 2 AT
ESTAST2

AL 2 = ALSH 2 + ALST 2

F3 LSH
ALSH 3  ESHASHT3 ASHT3 0

A2 Wall ASHT3 =
A2WaII F3 L3  TLA

ALS - ESTAST- aSLAT

AL3 = ALSH 3 + ALMr3

F4 LSH

ALSH 4 = ESHASHT4

A6 0 ASHT4 = 0
_ F4 L4A LST4 -=SAT - aS L4 AT

ES7 AST4
AL 4 = ALSH4 + ALST4

(FSLSHFLH ASHTS 0
ALSHS = ESHASHT5S

A3 0 ASHT5 = 0

A LST F5 L 5  ~~ LST

ESTASTS

ALS = ALSH5 + ALST5

61



26 For each thrust bar, calculate the horizontal (U)
taking the left point (XLEFT YLEFT) as reference.

K

Al

and vertical (V) displacements of the right point (XRIGHT YRIGHITI)

U0 = -ALO cos 00

V0 = -ALO sin 0

U1 = -AL 1 cos 61

V, = -AL 1 sin 61

A2Arch U2 = -AL 2 cos 02

V2 = -AL 2 sin 62

A2 Wall

A6

A3

U3 = -AL 3 COS 63

V3 = -AL 3 sin 63

U4 = -AL 4 cos 64
V4 = -AL 4 sin 64

U5 = -AL 5 cos 0s
V5 = -AL. sin 05

27 Calculate the total horizontal (U) and vertical
arch deformations and wall deformations.

(V) displacement of the bar system. The system is discretized into

j=2
UARCH = U

Arch j=0

VARCH j=2Vi
j=0

Wall

j=7

UWALL = Ij=7 uj

VW ALL =1 jv
j=3

28 Calculate the deformed coordinates for the principal points: (X1F Y1F), (X2M Y2M), (X3M Y3M), (XIM Y4M).

Principal Point 1

Principal Point 2

Principal Point 3

Principal Point 4

X1F = X11 + UWALL AXOD

Y1F ~ 1I + VWALL

X2M = X2 1 + UARCH + U WALL - AXOD

Y2M =21 + VARCH + VWALL

X 3M X1F - L1-3 cos(ROT - 01-3)

Y3M = Y31 + VWALL

X4 M X41

Y4 = Y41 + VARCH + VWALL
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29 Calculate the length (L) and midway orientation (0 2M) of the deformed arch that links principal point 1 (X1F Y1F)
to principal point 2 (X2M Y2M).

LARCH = I(X2M - XlF)2 + (Y2M - 1F) 2

_2M= tan_1 ( Y2M - Y1F
X2M - X1F

30 Assuming the length of the deformed arch stays constant, calculate the final coordinates of principal point 2 (X2F

Y2F) by rotating the deformed arch about principal point 1 (X1F Y1F) until it once again makes contact with the
keystone. Also, calculate the final orientation of the deformed arch (

0
2F) that now links principal point 1 (X1F Y1F)

to principal point 2 (X2F Y2F).

X 2 F =X21

Y2F l1F + L2 
- (X2F - XIF) 2

0 2F = t - 2F -

t nF 2F ~~ X1F)

31 Calculate the vertical deflection of the keystone (AY).

AY = Y2I - Y2F

32 Calculate the rotation of the arch (ORoT).

OROT = 0
2M -

0
2F

33 Calculate the final coordinates of principal point 3 (X3F Y3F) and principal point 4 (X4F Y4F) by rotating the point

(X3M, Y3M) about (X1F, Y1F) and the point (X4M, Y4M) about (X2F, Y2F).

Principal Point 3

Principal Point 4

X3F = X1 F - L1-3 COS(OROT - 01-3)

3F l1F + L1-3 Sf(OROT - 01-3)

X4 F X2F - L 2 4 sin[0Rot + (900 - 02-4)]
Y4 F =2F - L 2 _4 cos[0ROt + (900 - 02-4)]

34 Calculate the joint opening of the arch-wall joint (AX 3) and the arch-keystone joint (AX4).

Arch-Wall

Keystone-Arch

AX 3 = X 3F - X3M

Al'3 = 3F ~ 3M

AX 4 = X4 M - X4 F

AIY4 Y4M -4F

35 Solve for the arch-wall reaction force orientation (OR) numerically such that the total jack load (T) is zero when
the horizontal thrust reaches its final state. At this point, if the calculations were automated correctly, all of the

calculation results should match those presented in the main body of this study.
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Construction Monitoring

The following methodology lays out the approach for compiling the load monitoring data in such a way that could be

compared to the results of the hand calculations.

1 Prior to lowering the vault, periodically log the scale loads, and monitor the changes with time and temperature.

2 During the vault-lowering process, calculate the total load each inner ring stone (Al, B1, C1, D1, and El) applies

to the scaffolding (J1).

Leg A =Ala + Alb + Alc
Leg B =Bla + Blc + BC/2
Leg C 11 =4(BC/2)
Leg D 1 = 2(Dla + Dld)
Leg E 11 = 2(Ela + Eld)

3 Calculate the total load each outer ring stone (A2 and E2) applies to the scaffolding (J2).

Leg A N/A There was no scale situated underneath Stone A2.

Leg E 12 = 4(E2d)

4 Calculate the horizontal thrust in each leg using the jack load (J i from Step 2 and all other properties from
Section 2.2.2.

Wo(Lwo - Lw 2 ) + (W1 - J1)(Lw1 - Lw 2 )

Legs A/BE H = 1 W0  0  LH - LW2 tanOR H>

0 H 0

Wo + W1 - Ji
Legs B/C/D H = tanR H >0

0 H & 0

5 Calculate the total load in each outer ring stone (A2 and E2) using the horizontal thrust calculated in Step 4 and all
other properties from Section 2.2.2.

W2(Lw1 - Lw2) - Wo(Lwo - Lwi) + H (LH - Lwi tan 0)
Legs A/ E 12= Lw 1 - Lw2

Wo + W1 + W2 - H tan OR J1 = 0

Although there was a scale situated underneath Stone E2, a calculation was performed both using this fact
(Step 3) and ignoring this fact (Step 5) in order to see what similarity exists.

6 Calculate the total load each leg is applying to the scaffolding (JT).

Legs A/E IT = Ai + 12
Legs B/C/D IT J
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Formulations

Hand Calculations: Formulation of Anticipated Scale Loads Prior to Drop

Y2 - y 1
mAB - mABI = -

- XIMAB

YP1 - Yl = mAB(X1 - Xl) YP2- YC= mAB (XP2- XC)

Yp 1 - Ys = mAB(XP1 - X 3) YP2 - y= mAB(XP2 -X 1 )

(mAB)XP1 - YP1 = (mAB)XC - Yc (mAB)XP2 - YP2 = (mAB)X3 - Y

(mAB-)XP1 -YP1 = (mAB-)Xl -Y (mAB-)XP2 -YP2 = (mAB 1 )X 1 -Y

MAB -1 Xp1 = (mA)XC -Yc MAB -1 XP2 _ (mAB)X 3 -Y 3

- A1 - 1 AB XP2] [M L 211-1 (mAB)X3 -

[XP1i _ [mAB -11 [(mA)XC - MA -1
Yp1 I [mAB--1 ] [(MAB)Xl - Y1 1 Yp 2  LmAB -1 (mABI)Xl - Y1'

= )X- X1)2 + (y, _ y)z = X- - Xp1)
2 + yez -

mBC - MBC=-

YP 1 - Y 2 = mBC(XP1 - X 2 ) YP 2 yC MBC (XP2- XC)

Yp 1 - Y1 = mBC(XP1 - X 1 ) Y- 2= C-(XP2 X2)

(mBC)XP1 - YP1 = (mBC)XC - Yc (mBC)XP2 - YPz = (mBC)Xl - Y1

(mBCJ)XP1 - YP1 = (MBC1)X2 - Y 2  (mBCj)XP2 - Y2 (mBC )X2 - Y2

[mac -11 [X, 1 _ [ (mBC)XC - YC [mBC -1 XP 2  [ (mBC)Xl - Y 1 1
MBC - 9 sX -- xMC ~$ LP2 LBC)Xz -Y21[mBc-L -']-ii l I[(mBCLX 2 - Y2J [mBc-L -11 [YP2 j[mCX- 2

[Xp 1] [mBc -1' [ (mBC)XC - 1 [Xp 2] [mBC - (mBC)X1 -- Y 1

Yp1 [mBc1 -1] (mBCJ)X 2 -Y 2  YP2  [mBCL -11 (mBCJ)Xz -Y2

L3 =(Xp1 - X 2 ) 2 + (y _ y2 ) 2 L4 = ( - XP)2 + (YP 2 -
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(A + B)L 1 = CL 2  (B + C)L4 = AL3

AL 1 +BL 1 =CL 2  BL 4 +CL 4 =AL3  A+B+C=W

(L 1 )A + (L 1 )B - (L 2 )C = 0 (L 3)A - (L 4)B - (L4 )C = 0

+L, +L, -L21 JAI 0 Al +L1 +L1 -L21- 0+L3 -L4 -L4 B =0 B =+L3 -L4 -L4
+1 +1 +1 C W C +1 +1 +1 Wo

Hand Calculations: Formulation of the Jack Loads (Legs A/E)

Horizontal Equilibrium F= R cos R - H = 0

Vertical Equilibrium F = R sin OR + A + J2 - Wo - W1 - W2 = 0

Moment Equilibrium Mo = (11 - W1)Lwl + (12 - W 2)Lw2 - WoLwo + HLH 0

H = R COS OR

1 11+12 = Wo + W1 + W2 - R sin0 = Wo + W1 +W 2 - H tan0

J1Lw1 +j 2 Lw 2 = WoLwo + W1 Lw1 + W2 Lw 2 - HLH

2 -1 ] )( Wo + W1 + W 2 - Htan0
Lw1 LW2V2) \WoLwo + W1Lw1 + W2 Lw 2 - HLH)

3 G, = 1  LW [Lw2  ]( Wo+ W + W 2 -H tan H

2) LW2 - Lw1 [-Lw1 1 j\WoLwo + WLw1 + W2Lw 2 -HLH)
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(Wo + W1 + W2 - H tan 6)Lw 2 - (WoLwo + W1 Lw1 + W 2Lw2 - HLH)
Lw 2 - Lw1

4

-(Wo + W1 + W 2 - H tan 6)Lw1 + (WoLwo + W1Lw1 + W2 Lw 2 - HLH)

Lw2 - Lw1

H(LH - Lw2 tan 6) + (Wo + W1)Lw 2 - (WoLwo + W1Lw1)
A1 Lw 2 - Lw1

5

2 -H(LH - Lwl tan 6) - (Wo + W2)Lw1 + (WoLwo + W2 Lw2 )

Lw 2 - Lw1

H (LH - Lw2 tan 6) + Wo(Lw2 - Lwo) + W1(Lw 2 - Lw1)
A Lwz - Lw1

6

-H(LH - Lw1 tan 6) - Wo(Lwi - Lwo) - W2 (Lw1 - Lw 2)

2- Lw 2 - Lw 1

W1(Lw1 - Lw2) + Wo(Lwo - Lw 2) - H (LH - Lw2 tan 6)
Lw1 - Lw 2

7

W2 (Lw1 - Lw2) - Wo(Lwo - Lw1) + H (LH - wi tan 0)
Lw1 - Lw2

W1(Lw1 - Lw2 ) + Wo(Lwo - Lw2) - H (LH - Lw 2 tan 6)
1= Lw1-Lw-11

0 1 50

8

W2(Lw1 - Lw2) - Wo(Lwo - Lw1) + H (LH - Lw1 tn) J1 > 0
12 Lw1-Lw-11

Wo +W1 +W 2 - H tan6R 1 = 0

67



Construction Monitorine: Formulation of Horizontal Thrust (Leas A/E)

AW1(Lw1 - Lwz) + Wo(Lwo - LWz) - H (LH - LWz tan 0)
Lw 1 - Lw 2

2 J1(Lw1 - Lw2 ) = W1 (Lwi - Lw2 ) + Wo(Lwo - Lw 2 ) - H(LH - Lw 2 tan 0)

3 H(LH - Lw2 tan OR) = Wo(Lwo - Lw2 ) + W1(Lw1 - Lw2 ) -1(Lw1 - Lw 2 )

4 H = Wo(Lwo - Lw 2 ) + (W1 -1 1 )(Lw1 - Lw 2 )
LH - Lw 2 tan OR

Wo(Lwo - Lw2 ) + (W1 -J 1 )(Lw 1 - Lw 2) H > 0
5 H =LH - Lw 2 tan OR

0 H50
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Hand Calculations: Formulation of the Jack Load (Legs B/C/D)

Horizontal Equilibrium Fx = R cos OR - H = 0

Vertical Equilibrium F, = R sin 0 + J, - Wo - W1 = 0

Moment Equilibrium Mo = (1 - W1 )Lw1 - WoLwo + HLH = 0

H = R COS OR

1 I1=Wo+W1-RsinOR

(J1 - W)Lw-WOLwo + HLH > 0

J= Wo + W1 - H tan 6
R

2

(J1 - W1 )Lw 1 - WOLwo + HLH > 0

Construction Monitoring: Formulation of Horizontal Thrust (Legs B/C/D)

1 JI = Wo + W, - HtanOR

Wo + W1 -A1 H > 0
2 H = tanOR

1t 0 H 5 0
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Hand Calculations: Formulation of Arch-Wall-Thrust Contact Point (Leas Al/E)

70

(YRIGHT2 - YLEFT2)= tan(&2 ) (RIGHT2 - XLEFT2)

1

(YLEFT2 - YMIN1= tan(1-3 ) (XLEFT2 - XMIN)

XLEFT2 tan(9 2) - YLEFT2 = XRIGHT2 tan(62 ) - YRIGHT2

2

-XLEFT2 tan( 1 -3 ) + YLEFT2 = -XMIN1 tan(61-3) + MIN1

3 tan(02 ) -1 (XLEFT2)_ (XRIGHT2 tan( 2) - RIGHT2

I- tan(61 -3) 1 LEFT2 / -XMIN1 -tan(S3) + MIN1

4 (XLEFT2 _ 1 1 1 XRIGHT2 tan(0 2) - YRIGHT2
\ YLEFT2 / n(02) - tan(S1-3) [tan( 1 -3) tan( 2)] \ -XMIN1 tan( 1-3) + YMIN1l

(XRIGHT2 tan(0 2) - YRIGHT2) + (-XMIN1 tan( 1-3) + YMIN1)
LEFT2 

tan( 2 ) - tan( 1 3 )
5

(XRIGHT2 tan(S 2) - YRIGHT2) tan(5 1 3) + (-XMIN1 -tan(S3) + YMIN) tan(S 2 )LEFT2 tan( 2) - tan( 3 )

XRIGHT2 tan(S02 ) - XMIN1tan(S1 3)] - (YRIGHT2 - YMIN1)

XLEFT2 tan(0 2)- 1 3  XLEFT2 XMIN

XMIN1 XLEFT2 > XMIN1

6

(XRIGHT2 - XMIN1 2tan(2 ) tan( 1-3) - [YRIGHT2 tan(51-3) - MIN1 tan(S 2)I
YLEFT2 = tan(S 2) - tan(6 1 _3 ) LEFT2 MIN1

YRIGHT2 - (XRIGHT2 - XLEFT2) tan(S 2) YLEFT2 <MIN1
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Drawing 1: Critical Points
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Drawing 3: Maximum Thrust
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Drawing 4: Actual Thrust
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Drawing 5: Thrust Bar Coordinates
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Drawing 6: Principal Points
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Drawing 7: Jack Load Calculation

Drawing 8: Arch Bar (Initial)
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Drawing 9: Arch Bar (Final)
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Drawing 10: Plain Portrayal of Deformations
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Color Code

Output I
Stone volume

Ston ~ N3 j FT3 Wegh

K

Al
A2
A3
A4

A5
A6
B1

B2

B3

B4

B5

Cl
C2
C3

C4

C5
D1
D2
D3

D4

D5

El
E2

E3
E4

E5

E6

84529

95533
59757
101177
80264

186522

169023
65457
73630
78597
172619
141750

64487

96690

74344

161429

150752
95680
137482
79344

95695

87414

104544

79500

131128

92834

109810
86519

48.9

55.3
34.6

58.6
46.4

108

97.8
37.9
42.6

45.5

99.9
82.0
37.3

56.0
43.0

93.4

87.2
55.4

79.6
45.9

55.4

50.6

60.5
46.0

75.9

53.7
63.5
50.1

9441

10670
6674
11300
8965

20833
18878

7311
8224

8778
19280

15832

7203
10799
8303
18030

16837
10686
15355
8862

10688

9763
11677

8879

14646

10369
12265

9663
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Scale Loads Prior to Drop

Stone Volume Density Weight Centroid Coordinates (IN)

IN3 FT3 LB/FT3 LB XC YC
K 84529 48.9 193 9441 1495.6572 1074.1475
Al 95533 55.3 193 10670 15073090 1141.1876
B1 65457 37.9 193 7311 1569.5104 1070.4168
Cl 64487 37.3 193 7203 1545.4614 1011.9130
D1 95680 55.4 193 10686 1453.0945 1009.9864
El 104544 60.5 193 11677 1431.9644 1087.2214
A2 59757 34.6 193 6674 1536.5090 1246.0120

E2 79500 46.0 193 8879 1350.2798 1084.4594

JVA& I (A) Jeck 2(B) Jac& 3(C)

Name Codnt E La Name CAd111 ( Name (IN) Load
___ VI Y1 ytca X2 V2 X3 Y3

- - - - - - - N/A - - -

JAla 1476.= 1137.3797 JAlb 1514.6987 1177.4278 JAlc 1529.4695 1111.5200
JBla 1551.9896 10933428 JBIb 1595.7564 1067.2885 JB1c 15414690 1056.3630
JCa 1544.3618 1039.391 JC1b 1564.1940 996.3412 JCIc 1520.1639 1017.5990
jDIa 1496.A229 1019.8621 JD1b 1424.4196 978.7171 JDlc 1452.2127 1036.5943
JEla 1442.3840 1060.6141 JElb 1411.8135 1087.1949 JE1c 1461.6193 1116.2138

AB Si 1.0408 Sio do -0.%08

P1
1.0408 -1 427.6886 X 1490.4851

-0.9608 -1 -2555.6708 Y 1123.6765

P2
1.0408 -1 4804218 X 1516.8306
-0.908 - -2555.6708 Y 1098.3649

Ll 19.7790 I3 15.1361
L2 3.5344 IA 31.1671

19.7790 19.7790 -3.5344 0
31.1671 -15.1361 -15.1361 0

1 1 1 10670.0709

BC -4620 I 0.2241

P1

-44620 -1 -7866.8504 X 1499.9289
0.2241 -1 -.837.9640 Y 1174.1177

P2

44620 -4 -7724.A= X 1469.5163

0.2241 - -837.9640 Y 1167.3018

An
B

LB I
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stone Bl

AB Slope -0.5953 S p-Ortho |1.679841867 BC Slope 0.2013 Sp- o 49687

P1 P1
-0.5953 -1 -2004.7371 X 1546.4973 0.2013 -1 -7 39 X 1594.1297
1.6798 -1 1513.7546 Y 1084.1163 -4.9687 -1 -8996.1788 Y 1075.3716

P2 P2

-0.5953 -1 -1973.9904 X 15329831 0.2013 - -780.9917 X 1589.0132

1.6798 -1 1513.7546 Y 1061.4146 -4.9687 -1 -8996.1788 Y 1100.7941

LI 103375 1-3 8.2449

L2 26I498 IA 25.9322

10.7375 10.7375 -26.4198 0 A LB

25.9322 -82A49 -8.2449 0 LB

1 1 1 7310.8936 C LB

I Stone Cl

AB Sope -2.1711 Sn-Oeo | 04606 BC Slope -0.4828 Sbpe-Ortho 2.0712

P1 P1

-2.1711 -1 -4367.2027 X 1534249 -0.4828 -1 -1758.0641 X 1566.7498

0.4606 -1 -328.0582 Y 1035.0054 2.0712 -1 2243A869 Y 1001.6349

P2 P2

-2.1711 -1 -4317.9663 X 1516.1157 -04828 - -1785.0184 X 1577.3034
0.4606 -1 -328.0582 Y 1026.3878 2.0712 -1 2243.4869 Y 1023.4939

L[ 10.4999 L3 5.8784
IL2 20.5985 I4 24.273

10.4999 10.4999 -20.5985 0 A LB

24.2733 -5.8784 -5.8784 0 B LB
1 1 1 7202.5846 C LB

Stone D

AB Sne 0.5683 Sknp-Ortho -1.7597

PI

0.5683 -1 -184.2288 X 1490.3907
-1.7597 -1 -3653.8375 Y 1031.1809

P2
0.5683 -1 -211.3378 X 1478.7459
-1.7597 -1 -3653.8375 Y 1051.6724

Ll 13.0188 L3 12.3130
L2 23.5692 L4 35.1439

13.0188 13.0188 -23.5692 0
35.1439 -12.3130 -12.3130 0

1 1 1 10686.44861

BC 2.0824 S o -0.4802

P1

2.0824 -1 2015.9820 X 1435.5192

-0.4802 -1 -1662.7349 Y 973.3870

P2
2.0824 - 2097.1676 X 1467.1997
-0.4802 -1 -1662.7349 Y 958.1738

An
B

LB
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I ~stone ElI

AB -0.8629 - o 11588

-0.8629 -2322.9345 X 1450.99 I
1.1588 - 610.6439 Y 1070.7963

[ P2
-0.8629 4 -2369."606 X 1473.12!
1.1588 4 610.6439 Y 10972344j

L I 13.1851 L3 11.8104
S 34.9212 I 4 27.4939

13.1851 13.1851 -34.9212 0
27.4939 -11.8104 -11.8104 0

1 1 1 116765525

BC .Slope 0.254 -1Sb tho | .3786

P1i

7254 - -4 12 X 1418.7481
4.3786 1 -3033.377 Y 1077.6347

P21

0.7254 -1 -14.5559 X 1434.8915

-1.3786 4 -3033.5377 Y 1055.3793

A

j B

CW
LB
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Force (LB)

Approx 2D AnalsiB

Ala 3557 3488

Alb 3557 3434

Alc 3557 3748

Bla 1828 1764

Bib 1828 1717

BC 4229 3517

Cl 1801 2432

DIa 3562 2773

DIb 3562 3802

Ela 3892 3509

Elb 3892 3200

A2 1669 -

E2 2220 -



Loads and Deformations

oung's Modulus of Stone EsT 7000 KSI

Unit Weight of Stone Ysr 193 LB/FT3

Thermal Expansion of Stone Osr 8.OOE-06 1/(O
4.44E-06 1/(*F)

Young's Modulus of Korolath ESH 213 KSI

Area of Shim ASH 16 IN2

Thickness of Shim sH 0.25 IN

Stone Weight (LB) Centroid E

K Wo 0 XCD 441.2667 YCD 126.5545

Al W1  10670 Xc1  389.9934 YcI 124.9795

A2 W2  6674 XC2 282.1859 YC2 118.0575
A6 W3  18878 XC3 181.7750 YC3  37.0690
A3 W4  11300 Xc4 171.5720 YC4 105.4060

A5 W5  20833 Xcs 58.4450 Ycs 43.6130

A4 W6 8965 Xc6 56.4570 Yc6 107.5950

X Y

Minimum Coordinates of Arch-Wal Hinge (XUNI YmNO 233.4794 95.1982 IN
Thrust Coordinates of Arch-Keystone Hinge (XM 2 Ymue) 422.2280 133.8815 IN

Maximum Coordinates of Outmost Base Point (XuM YuM) 0.000 0.0000 IN
Thrust Coordinates of Arch-Keystone Hinge (XuM YMAX) 426.5277 118.2816

Lever Arm (IN) Lever Arm (IN)
Stone

Minimum Thrust Maximum Thrust

K LwoXu 207.7873 LWOMAX 441.2667

Al 41Mm 156.5140 LqRMAX 389.9934
A2 W2Nm 48.7065 LWZ"X 282.1859
A6 - - LW3M 181.7750
A3 - - LW44xA 171.5720
A5 - - WMA 58.4450

A4 - - 'W6MAX 56.4570

I Lever Arm for Hua 4nm 38.6833 IN
Lever Arm for Hmn L A 118.2816 IN

Theoretical Minimum Horizontal Thrust HKN 51575 L

Theoretical Maximum Horizontal Thrust Hn 111080 LB
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Actual Horizontal Thrust H 52000 LB

Number of Thrust Increments N 50
Thrust Increment AH 1040 LB

xi Y i

Coordinates of Arch-Keystone Hinge (XH H) 4222280 133.7701 IN

I cta Lever Arm for H LH 38.5719 IN

B _ (LB)

K" 0 00 0.0000

Al wI 10670 01 11.5958

A2 Arch Wr2 17344 02 18.4459

A2 WaI Wr 17344 03 18.4459

A6 WT4 36223 04 34.8606

A3 WT5 47523 05 42.4243

X Y

Initial Coordinates of Arch-Wal-Thrust Contact (Xi ) - - IN

Initial Coordinates of Arch-Keystone-Thrst Contact (X21 YM) 2 - - IN

Initial Coordinates of Arch-Waljoint Contact (X31 Ya3) 2.04 130.74M IN
Initial Coordinates of Arch-Keystone Joint Contact (X4 Y4) 422.2280 117.2154 IN

InitigaAngle of Arch-Walt Joint 01.3 73.7212 DEG

Initial Angle of Arch-Keystone Joint 0 90-.0000 DEG

Bar_ __ Defining Coordinates (EN)
Ba_ Right X Coordinate Right Y Coordinate Left X Coordinate Left Y Coordinate

K XGIGHI 422.2280 YmGI 133.7701 M 389.9934 Yuro 133.7701

Al XRIGHIn 389.9934 YmGUQ 133.7701 XiLFn 282.1859 Yuwn 111.6487

A2 Arch XRIGHT2 282.1859 YRIGM2 111.6487 Xumr2 233.4249 Yuwr 95.3847

A2 Wall XRIGrr3 233.4249 YRIGH3 95.3847 XUprM 181.7750 YU1 r7  78.1572

A6 XGHT4 181.7750 YmGr4 78.1572 XULr4 171.5720 YuIr4 71.0499

A3 Xcgm 171.5720 YmGrs 71.0499 1 Xuwrs 93.8286 Y 0.0000
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Bar Length (IN)

K L 32.2346

Al L1 110.0537

A2 Arch L2 51.4018

A2 Wall L3 54.4473

A6 4 12.4344

A3 L5 105.3191

Lever Arm (IN)
Actual Thrust

K Lwo 207.8418

Al Lw 156.5685

A2 LW2 48.7610

A6 - -

A3 - -

A5 - -

A4 -

x Y

Initial Coordinates of Arch-Wal-Thrust Contact (X1 YI) 233.4249 95.3847 IN

Initial Coordinates of Arch-Keystone-Thrust Contact (X2 Y 1) 422.2280 133.7701 IN

Initial Coordinates of Arch-WallJoint Contact (X31 Y31) 223.0994 130.7438 IN

Initial Coordinates of Arch-Keystone Joint Contact (X41 Y41) 422.2280 117.2154 IN

Length of Arch-Wal Joint LI.3  36.8359 IN

Length of Arch-Keystone joint 2-4 16.5547 IN

Stiff Soft

Factor in Stone Shrink for K Bar? 1 1
Factor in Stone Shrink for Al Bar? I I

Factor in Stone Shrink for A2-Vault Bar? 1 1
Factor in Stone Shrink for A2-Leg Bar? 1 1

Factor in Stone Shrink for A6 Bar? 1 1

Factor in Stone Shrink for A3 Bar? 1 1
Note 0 = No 1= Yes
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Stiff
U

Soft

Number of Shims in Contact at K-Al Joint 4 1

Number of Shims in Contact at AI-A2 Joint 4 1

Number of Shims in Contact at A2-A3 Joint 4 1

Number of Shims in Contact at A3-A6 Joint 4 1

Number of Shims in Contact at A6-A5 Joint 4 1

Note Minimum = 0 Maximum = 4

Stiff Soft

Outward Displacement AXOD 1 0. +00 0.0 MM

0.00B+00 0.00E+00 IN

Rise in Temperature AT 0.00 0.00 OF

Bar IContact Width of Stone Contact Depth of Stone Contact Area of Stone

BI IN) (IN) (JIN2)

K TO 18 18 324

Al T, 18 D, 18 As 324

A2 Atch T2  18 D2 18 As 324

A2 Wall T3  18 D3  18 AsT3 324

A6 T4  18 D4 18 AsT4  324

A3 T5  18 D5  18 ASTS 324

Arch-WaU Reaction Force Orientation o 20.0000 DEG

s -Wall Reaction Force Orientation OR 18.4459 DEG
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Bar Contact Area of Shims (IN2)
Stiff Soft

K ASHO 64.0000 16.0000
Al ASHm 64.0000 16.0000

A2 Arch ASH2 64.0000 16.0000

A2 Wall ASH3 0.0000 0.0000

A6 ASH4 64.0000 16.0000
A3 As 5m 64.0000 16.0000



Jack Loads (LB)
H

Ji J2 JT

0
1040

2080
3120
4160
5200
6240
7280
8320
9360
10400

11440

12480
13520
14560

15600
16640
17680
18720
19760
20800
21840
22880
23920
24960
26000
27040
28080
29120
30160
31200
32240
33280
34320

35360

36400
37440

38480
39520

40560

41600

42640
43680
44720

45760
46800
47840

48880

49920
50960
52000

10670
10455

10240
10024
9809
9594
9379
9164

8948
8733
8518
8303
8088
7872
7657
7442

7227
7012
6796
6581
6366

6151
5936
5720
5505
5290
5075
4860

4644

4429

4214

3999
3784

3568
3353
3138

2923
2708
2492

2277

2062
1847
1632
1416

1201

986

771
556
340
125

0

100%
98.00

96.0%
93.9%
91.9%
89.9/o
87.9%

85.9%
83.90/

81.8%
79.80/
77.80/

75.80/

73.8%

71.8/%
69.7%
67.7%0/
65.7%

63.7%

61.7%

59.7%
57.6%
55.6%/6
53.6%
51.6%
49.6%

47.6%
45.5%

43.5%

41.5%
39.5%
37.5%

35.5%

33.4%
31.4%
29.4%

27.4%

25.4%
23.4%

21.3%
19.3%
17.3%
15.3%
13.3%
11.3%

9.24%

7.22%
5.21%
3.19%

1.17%

0.000/

6674
6543

6411

6279
6148

6016
5884

5752
5621
5489
5357
5226
5094

4962

4831
4699

4567
4436

4304

4172

4041

3909
3777
3645
3514

3382
3250
3119

2987
2855
2724

2592

2460

2329
2197
2065
1934

1802
1670
1539
1407

1275
1143

1012

880
748

617
485

353
222

0

100%
98.00
96.1%
94.1%

92.1%
90.1%
882/
86.2/

84.20/
8220/V

80.3%

78.3%

76.3%
74.4%

72.4%

70.4%
68.4%
66.5%
64.5%

62.5%

60.5%

58.6%

56.6%

54.6%

52.6%
50.7%
48.7%

46.7%

44.8%
42.8%

40.8%

38.8/

36.9%
34.9%
32.9%

30.9%

29.0 /

27.0 %
25.0%

23.1%
21.1%

19.1%

17.1%
152'/o

13.2 /
11.2%

9.24%
7.27%

5.29%
3.32%

0.000/

17344

16997
16651
16304

15957
15610
15263
14916

14569

14222

13875
13529
13182
12835
12488

12141

11794

11447
11100
10753
10407

10060
9713
9366
9019
8672

8325
7978

7632
7285
6938
6591
6244
5897

5550

5203
4856
4510
4163

3816
3469
3122
2775

2428

2081
1734

1388
1041
694

347

0

100%
98.0%
96.0%

94.0%
92.0%

90.0%

88.0%

86.0%
84.0%
82.0%

80.0/
78.0%

76.0%

74.0%

72.0%
70.0%

68.0%

66.0%

64.0%
62.0%

60.0/o

58.00/
560/

54.0%

5200/
50.00/
48.0%

46./o

44.0/
42.0%

40.0/o

38.00/

36.0%

34.0/o

32.0%

300%

28.0%

26.0%

24.0%

22/0%

20.0%

18.00/
16.0/

14.0%

12 00 /
10./O
8.000/
6.00/c

4.00%

2.000/c

0.000/



Force in Bar (F) (LB)
H

K Al AMARCH IA2 WALL A6 A3

0

1040

2080

3120
4160

5200

6240

7280
8320'

930w
10400

11440

12480

13520
14560

15600
16640

17680
18720,

19760
20800

21840

22880

23920

24960

26000
27040
28080

29120

30160
31200

32240

33280

34320

35360
36400

37440

38480
39520
40560

41600,

42640

43680

44720

45760
46800
47840

48880

49920

50960
52000

0
1040

2080

3120
4160
5200

6240

7280

8320
9360

10400

11440

12480

13520
14560

15600
16640

17680
18720
19760

20800

21840

22880
23920
24960

26000
27040

28080

29120

30160
31200

32240

33280
34320

35360

36400

37440

38480

39520

40560
41600

42640

43680
44720

45760
46800

47840

48880
49920

50960

52000

0
1062
2123

3185
4247

5308
6370

7432

8493

9555
10617
11678
12740
13802
14863
15925
16987

18048
19110
20172

21233

22295
23357
24418
25480

26542

27603
28665

29727

30788
31850

32912

33973
35035

3697
37158
38220
39282
40343

41405
42467

43528
44590

45652
46713

47775
48837

49898

50960

52022

53083

0
1096
2193

3289
4385

5482

6578

7674
8771
9867
10963
12060
13156
14252
15349

16445

17541

18638
19734
20830
21927'
23023

24119
25215
26312
27408

28504

29601
30697

31793
32890

33986
35082
36179
37275
38371

39468

40564

41660

42757

43853

44949

46046

47142
48238

49335
50431

51527

52624

53720
586

0
1096
2193
3289
4385

5482

6578

7674
8771
9867

10963
12060
13156
14252

15349
16445

17541

18638
19734
20830

21927
23023
24119
25215

26312
27408
28504

29601

30697

31793
32890

33986
35082
36179

37275
38371
39468

40564

41660

42757

43853
44949
46046

47142
48238

49335
50431

51527

52624

53720
54816

0
1267
2535
3802
5070
6337
7605
8872

10140

11407

12674

13942
15209
16477
17744

19012
20279
21547

22814.

24082

25349

26616
27884
29151
30419
31686
32954
34221
35489
36756
38023

39291
40558

41826

43093

44361
45628

46896
48163

49431
50698

51965
53233
54500

55768

57035
58303
59570

60838
62105
63372

Iini a I -

0
1409

2818

4227
5636
7044

8453
9862
11271

12680
14089

15498

16907
18316
19724

21133
22542

23951
25360
26769
28178
29587
30996
32404

33813

35222
36631
38040

39449

40858

42267

43676

45084

46493

47902

49311

50720

52129
53538
54947

56356

57765
59173
60582
61991

63400

64809
66218
6727

69036

70445



Shrink of Shim (ALSH) (IN)
H

K Al A2 ARCH A2 WALL A6 A3

0
1040

2000

3120
4160

5200
6240

7280
8320
9360

10400

11440
12480
13520
14560

15600
16640

17680
18720
19760
20800

21840
22880

23920
24960
26000

27040

280M0
29120

30160

31200
32240
33200
34320

35360

36400
37440

38480

39520
40560
41600

42640

43680
44720

45760

46800
47840

48880
49920
50960

52000

0.00E+00
1.91E-05
3.81F,05
5.72E-05
7.631-05
9.54E-O5

1.14E-04

1.34E-04

1.53E-04

1.72B-04

1.91B-04

2.10E-04

2.29E-04

2.48E-04

2.67E-04

2.861-04

3.05B-04

3.24E-04
3.43E-04

3.62E-04

3.81E-04

4.01B-04

4.20E-04

4.39E-04

4.58E-04

4.771-04

4.96E-04

5.15E-04

5.34E-04

5.53E-04
5.72F-04

5.91B-04

6.101140

6.291-4

6.48R-04

6.68E-04
6.87E-04
7.06E04

7.25E-04
7.44E-04

7.63E-04
7.82E-04

8.01E-04

8.20E-04

8.391-04

8.58E-04
8.7E-04
8.96B-04

9.151-04

9.351-04

9.54E-04

0.00)E+00
1.95E-05
3.89E-05
5.84E-05
7.79E-05

9.74E-05
1.17E-04

136B-44

1.56B-04
1.75E-04
1.95E-04

214E-04

2.34E-04

2.53E-04
2.731140

2.921-04

3.12E-04
3.31E-04
3.50E-04

3.70E-04
3.89F,-04

4.09E-04

4.281104

4.48E-04

4.67F-04

4.871-04

5.061.44
5.26E-04
5.45E-04

5.65E-04

5.84E-04

6.04E-04

6.23E-04

6.43E-04

6.62E-04
6.81E-04
7.0111-04
7-VE-04
7.2011-44

7.40E-04

7.59E-04
7.79E-04
7.98E1-04

8.18-04

8.37E-04
8.5711-44
8.76B-04
8.96E-04
9.15-04

9.351-04

9.54R-04

9.74B-04

.00E+00
2.O1B-05

4.02E,05

6.03E-05
8.04B-05
1.OI-04
1.21E-04

1.41E-04
1.61F,04
1.81B-04

2.OIE-04

2.21B-4M

2.41E-04

2.61E-04

2.81E-04
3.02E-04

3.22.B-0

3.42E-4A

3.62E-04

3.82E-04

4.02Y,-04

4.221-44

4.42E-04

4.62E-04

4.83E-04

5.03E-04
5.2.3E-04

5.43E-04

5.63E-04

5.8311-0
6.03E-04

6.23E1-04

6.43E-04

6.63E-04
6.84E-4-4

7.04H-04

7.24E-04

7.44E-04

7.64E-04

7.84F,04
8.04E-04

8.241.04

8.44E-04

8.65E-04

8.85E-04
9.05R-04

9.25E-04

9.45E-04

9.65E140

9.85R-04

1.01-03

0.00E+00
0.001E+00
0.00E+00
0.00E+00
0.00E+00
0.0E+00
0.00E+00
0.00E+00
0.00B+00
0.00E+00
0.001+00
0.00B+00
0.001E+00
0.00H+00
0.00E+00
0.00E+00
0.00E+00
0.001+00
0.001+00
0.00B+00
0.00E+00
0.001+00
0.001+00
0.00E+00
0.001+00
0A.0E+00
0.00R+00
O.OOE+00
0.001+00
0.00B+00
0.00E+00
0.001+00
0.00B+00
0.001+00
0.00E+00
0.001+00
0.00E+00
0.001+00
0.001+00
0.00E+00
0.001+00
0.00E+00
0.00E+00
0.00B+00
0.001+00
0.001+00
0.00E+00
000E+00
0.001E+00
0.001+00
0.001+00

0.00E+00
2321-05
4.65E105
6.97B05
9.30E-05
1.16F,04

1.39E,04

1.6311-04

1.86E-04

2.09E-04

2.32E-04

2.56E-04

2.79E-04

3.021140

3.25E-04
3.491-04

3.72E-04

3.95E-04

4.18E-04

4.42E,04

4.65E-04
4.88E-04

5.111-04
5.35E-04

5.5E,04
5.81E-04

6.041-44

6.28B-04

6.51E-04

6.4E-04

6.97E-04
7.21E-04

7.44E-04

7.67E-04
7.901-04

8.14E-04
8.37E-04

8.60B-04
8.83B-04
9.07E-04

0.00B1+00
2.58"-5
5.171-5

7.75E-05
1.03E-04

1.29E04

1.55E-04

1.81E-04

2.07E-04

2.33E-04

2.581-04

2.84B-04
3.10E-04
3.36E-04
3.62B-04
3.88E-04

4.13E,04

4.39E-04

4.65E-04

4.91E-04

5.17E-04
5.43E-04

5.08E-04

5.94E04

6.20E-04

6.46E-04

6.72E-04
6.981-04

7.23F,04
7.49E-04

7.75E-04
8.01E-04

8.27E-04
8.53E-04

8.78E-04
9.04E-04

930E-04

9.56E-04
9.82E-04

1.01"03
1.03E,03

1.06E-03
1.096-03

1.111-03
1.14-03

1.16E,03
1.19E-03
1.21B-03
1.24E-03

1.27B-03
1.29E-03

9.30E-04

9.531-04

9.76E-04

9.99E-04

1.02E03

1.05B-03

1.071-03
1.09H-03

1.12E-03
1.14-03
1.16R-03



Shrink of Stone (ALsT) (IN)
H

K Al A2ARCH IA2 WALL A6 A3

0
1040

2080

3120
4160
5200
6240
7280

8320
9360
10400
11440
12480
13520
14560
15600
16640
17680
18720
19760

20800
21840

2280

23920
24960

26000
27040
28080

29120
30160
31200
32240
33280
34320
35360
36400
37440
38480
39520
40560
41600
42640
43680
44720
45760
46800
47840

48880
49920
50960
52000

0.00E+00
1.48-05
2.96F-05
4.43E-05

5.91E,05

7.39-05
8.87E-05
1.03E-04

1.188-04

133E-04

1.48B-04

1.638-04

1.77E-04
1.92E-04

2.07E-04

2.22E-04

2.37E-04
2.51E-04

2.66E-04
2.818-04

2.96E-04

3.108-04

3.25E-04

3.40E-04

3.55E-04

3.70E-04
3.84B-04

3.99B-04

4.14B-04

4.29B-04

4.43E-04

4.58-04

4.738-4

4.888-04

5.03E-04

5.178-04

532M-04

5.47B-04

5.628-04
5.76E-04

5.918-04

6.06E-04

6.21E-04

6.36E-04
6.50E-04

6.65E-04
6.808-04
6.95E-04

7.10E-04

0.00E-00
5.158-5

1.03E04

1.55E-04

2.06E-04

2.58E-04

3.09E-04

3;618-04
4.12E-04

4.64E-04

5.15E-04
5.67E-04
6.18E-04

6.70E-04

7.21E-04

7.73E-04
8.24E-04

8.76-04
9.27E-04

9.79&04

1.03-M
1.088-03
1.13E-03
1.18-03
1.24E-3W
1.29E-03

134E-03
1.39E-03
1.44F,03

1.49E-03

1.55F,03

1.60EM

1.65B-03
1.70E.03
1.75E-03

I.80E-03

1.85-03
1.91B-03

1.96"-3
2.01-03
2.06E-03

2.11E-03

2.16E-03

2.22H.03
227-03
232E-03
2.37E-03
2.42E,03

2.47E-03

7.24E-04 2.52"03 1.22B-03
7398-04 2.58E-03 1.24-03

0.00E+00
2.48E-05

4.97B-05

7.45E-05
9.94E-05
1.24E-04
1.49E-04
1.74E-04

1.998-04
2.24E-04

2.488-04

2.73E-04
2.98E-04

3.23E-04
3.48B-04

3.738-44

3.98E-04
4.22-04

4.47E-04

4.72F-04

4.978-4
5.22E-04

5.47-04

5.71E-04

5.96E-04

6.21F,04

6.46B-04

6.71E-04
6.968,04

7.21E-04

7.45E-04
7.70E-04

7.95-04
8.20E-04

8.45E-04

8.70E-04

8.94E-04

9.19E-04

9.44E-04
9.69E-04
9.94B-04

1.02E-03
1.04E-03

1.07E-03
1.09E-03

1.12E-03
1.14F,03

1.178-03
1.19-03

0.00E+00 1 0.00E+000.00E+00
2.63B-05
5.2605
7.90E-05
1.058-04

1.32E-04

1.588-04

1.848-04

2.11E-04

2.37E-04
2.63E-04

2.908-04

3.16E-04

3.42E-04
3.68E-04
3.95E-04
4.21E-04

4.47E-04

4.74E-04

5.00-04

5.268-04

5.53E-04

5.79E-04

6.05-04

6.328-04
6.58E-04

6.84E-04
7.11E04

7.37E-04
7.63E-04

7.90E-04
8.16E-04
8.42B-04
8.69B-04

8.958-04
9.21B-04

9.47E-04

9.74E-04

1.008-03
1.03E-03
1.05B-03
1.088-03
1.11E-03

1.13E-03

1.168-03
1.18F-03
1.21E-03
1.24B-03

1.268-03
1.29E-03

1.32-03

6.95E-06
1.39F-05
2.08-05
2.78E-0

3.47E-05
4.17E-05
4.868-05
5.568-05

6.258-05
6.95B-05
7.64,-05
8.34E-05
9.03F-05
9.73B-05
1.04E-04

1.118-04

1.18E,04

1.25E-04

1.32E-04

1.398-04

1.468-4X

1.53E-04

1.60E-04

1.67E-04
1.74E-04

1.81E-04

1.88E-04

1.95E-04

2.02E-04

2.088-04

2.15E-04

2.22E-04

2.29E-04

2.368-04

2.43E-04

2.50E-04

2.578-04

2.64E-04

2.71E-04

2.78-04

2.85E-04

2.92E-04

2.998-04

3.06E-04

3.138-04

3.20E-04

3.27E-04

3.34-04

3.408-04

3.47E-04

6.548-05
1.31E-04

1.96E-04
2.62E04

3.278-04
3.93E-04
4.58E-04

5.238-04
5.898-04
6.54B-04

7.20-04

7.858,04
8.51E-04

9.16E-04

9.818-04

1.058-03
1.11E-03

1.18E-03
1.248-03
1.31E-03
1.37E-03
1.44E-03

1.508-03
1.57F,03
1.64E-03

1.708,03
1.77F,03
1.83E03

1.90E-03
1.96F-03
2.038-03

2.09E-03
2.168-03
2.22-03
2.29E-03

2.36E-03

2.42E-03

2.49F,03

2.55803

2.628,03
2.68803

2.75E-03

2.818-03

2.88F-03
2.94E-03

3.018-03
3.078-03

3.14E-03
3.21E-03

3.278-03
I



Total Shrink of Bar (AL) (IN)
H

K A AARCH I A2 WALL A6 A3

0
1040

2080
3120
4160
5200

6240
7280

8320
9360

10400

11440

12480

13520
14560

15600
16640

17680
18720
19760
20800
21840

22880

23920
24960

26000
27040

28080
29120
30160
31200

32240

33280
34320

35360

36400

37440

38480
39520
40560

41600

42640

43680
44720

45760

46800

47840

48880

49920

50960
52000

0.00E+00
3.39E-05
6.77E-05
1.02E-04

1.35E-04
1.69E-04

2.037-04

2.37E-04
2.71E-04

3.05E04

3.39E-04

3.727-0

4.067-04
440E-04

4.74E-04
5.08E-4

5.42E-04

5.76E-04
6.09E-04

6.43E-04

6.77E-04
7.11R-04

7.45E-04

7.79F-04
8.127-04

8.46E-04

8.80E-04
9.14E-04

9.4871-04

9.82R-04

1.02E-03
1.05E 03

1.08-03

1.12E-03
1.15E-03

1.18E-03
1.22E-03
1.25E-03
1.29E-03
1.32E-03
1.35E-03
139E-03
1.42E-03

1.46E-03

1.491-03

1.52E-03

1.56E-03
1.5971-3
1.62B-03
1.66E-03

1.69E-03

0.00E+00 I 0.00,E+00
7.10E-05
1.42E-04

2.13E-04

2.847140

3.55E--04

4.26E-04

4.97E-04

5.681-04
6.39E-04

7.1004

7.81-4BM

8.52E-04
9.23710

9.94B-04

1.06E-03
1.14E-03

1.21B-03

1.28E-03
1.35-03
1.42E-03
1.497-03

1.56R-03

1.63F-03
1.70E-03
1.77E-03
1.85R-03
1.92E-03
1.997,03

2.06E-03
2.137103

2.20E-03

2.27E-03
2.34E-03

2.41E-03

2.48E-03

2.567-03

2.63E-03
2.707-03

2.77E-03
2.84E-03

2.91E-03
2.98E-03

3.05E-03

3.127-03

3.19B-03
3.27B-03
3.34-03

3.41E-03

3.48-03
3.55E-03

4.50F-05
8.99E-05
1.35E-04
1.80E-04
2.25E-04
2.70E-04
3.15E1-04
3.60E-04
4.0SE-04
4.50E-04
494E-04
5.39EA-4
5.84E-04

6.29E-04
6.74E-04
7.19E-04
7.64F-04

8.09E-04
8.54E-04
8.99E-04
9.44E-04
9.89E-04

1.03E-03
1.08E-03
1.12E-03
1.17E-03
1.21-03

1.267103
1.30E-03
1.357-03
1.39E-03
1.44B-03
1.48W-03

1.53E-03
1.5771-03
1.62E-03
1.66H-03
171E-03
1.75E-03
1.80E-03
1.84E-03
1.89E03
1.93E-03
1.98E-03
2.027103
2.07E-03
2.11"103

2.16E-03
2.20B-03
2.25E-03

0.0071+00
2,63E45

5.26W-05

7.90E-05
1.05E-04

1.327E44
1.58E04

1.84E-04

2.11E-04

2.37E-04

2.63B-04

2.90E-04
3.16E-04
3.42E-04

3.68B-04
3.95R-04

4.21E-04
4.47E-04

4.74E-04

5.007-04

5.260-04
5.53E-04

5.79E-04
6.057-04

6.32E-04

6.58B-04

6.84B-04

7.11E-04

7.37E-04
7.63E-04

7.90E-04

8.16E-04
8.42E-04

8.697-04

8.95E-04
9.21E-04

9.477104

9.741-04

1.00E-03

1.037-03

L157-03
1.08-03

1.11E-03
1.13E-03

1.16E-03

1,18M-3
1.21E703

1.2471-03

126E-03
1.29E-03
1.32R-03

0.00E+00
3.02E-05
6.04E-05
9.06E,05

1.21R-04

1.51E-04

1.81E-04

2.11E-04

2.42B,04

2.727-04

3.02E-04

3.32E-04

3.62E-04

3.93E-04
4.23E-04

4.53E-04
4.83E-04

5.13E-04

5.43R-04

5.7471-04

6.04E-04

6.34E-04

6.64E-04

6.94E-04

7.25E-04

7.55E7-04

7.85B-04
8A5E-04
8.45E-04

8.76B-04
9.067-44

936E-04
9.66E-04
9.96E-04

1.03E-03
1.06E-03
1.09E-03
1.12E-03
1.15M1-3

1.18-03
121703
1.24E-03

1.27E-03
1301E-03

1.33E-03

1.36E-03
13971-03

1.42E.03

1.451-03

1.48R-03

1.51E-03

0.00E+00
9.13M05
1.83E-04

2.741-04

3.657104
4.56E-04
5ASE-04
6.39E-04

7.30E-04
8.21B-04
9.13E704

1.007-03
1.10-03
1.191-03

1.28-03
1.37E43

1.46"3

1.55E-03
1.64B-03

1.737-03
1.83E-03
1.927-03
2.01B-03

2.101-03
2.191-03

2.280-03

2.37E-03
2.46E-03

2.56E,03

2.657-03
2.74-03

2.83E-03

2.921-03
3.01E-03
3.10F-03
3.19E-03
3.29E03
3.38E-03

3.47E-03

3.567-03
3.657,03

3.74E-03
3.83E-03

3.92E-03
4.02E-03

4.11-03

4.207-03
4.29E-03

4.387-03

4.47E-03

4.567-03
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Keystone Vertical Deflection

X Y. I I Y

0
1040
2080
3120
4160
5200
6240

7280
8320
9360
10400
11440

12480

13520
14560
15600
16640
17680
18720
19760
20800
21840

22880
23920

24960

26000
27040
28080
29120
30160
31200
32240
33280
34320

35360
36400
37440

38480
39520
40560

41600

42640

43680
44720

45760
46800

47840

48880
49920

50960
52000

233.4249
233.4248

233.4247

233.4246
233.4245

233.4243
233.4242

233.4241
233.4240
233.4239
2334238
233.4236
233.4235
233.4234
233.4233
233.4232

233.4231

233.4229
233.4228

233.4227
233.4226
233.4225

233.4224
233.4222

233.4221

233.4220
233.4219
233.4218
233.4217
233.4215
233.4214
233.4213

233.4212

233.4211

233.4209
233.4208

233.4207
233.4206

233.4205

233.4204

233.4202
233.4201
233.4200

233.4199

233.4198
233.4197
233.4195
233.4194
233.4193
233.4192

233.4191

953847

95.3846
95.3846

95.3845

95.3844

95.3843
95.3842

95.3841

95.3840
95.3839
95.3839

95.3838
95.3837
95.3836
95.3835
95.3834
95.3833

95.3832
95.3832
95.3831
95.3830
95.3829
95.3828

95.3827

95.3826
95.3825
95.3825

95.3824

95.3823

95.3822

953821

95.3820

953819
953818

953818
95.3817
95.3816
95.3815
95.3814
95.3813
953812
953812
95.3811
953810
95.3809

95.3808
95.3807
95.3806
953805

95.3805
95.3804

422.2280
422.2277
422.2275
422.2272

422.2269
422.2267

422.2264

422.2262

4222259
422.2256

4222254
422.2251
422.2248
422.2246

422.2243
422.2241
422.2238
422.2235

422.2233

422.2230

422.2227
4222225

422.22

422.2219
422.2217

422.2214

422.2212
4222209

4222206
422204

422.2201
422.2198

422.2196

422.2193
422.2191

422.2188

422.2185

4222183
422.2180

422.2177
422.2175

422.2172
422.2169

42Z2167

4222164

422.2162

422.2159
422.2156
422.2154

422.2151

422.2148

94

H

133.7701
133.7700
133.7699
133.7698
133.7696
133.7695
133.7694
133.7693
133.7692
133.7691
133.7690
133.7688
133.7687
133.7686
133.7685
133.7684
133.7683
133.7681
133.7680
133.7679
133.7678
133.7677
133.7676
133.7674
133.7673
133.7672
133.7671
133.7670
133.7669
133.7668
133.7666
133.7665
133.7664
133.7663
133.7662
133.7661
133.7659
133.7658
133.7657
133.7656
133.7655
133.7654
133.7653
133.7651
133.7650
133.7649
133.7648
133.7647
133.7646
133.7644

133.7643

192.6656
192.6655
192.6653
192.6652
192.6650
192.6649
192.6647
192.6646
192.6644
192.6643

192.6641
192.6640
192.6638
192.6637
192.6635
192.6634

192.6632
192.6631
192.6629
192.6628
192.6626
192.6625
192.6623
192.6622
192.6620

192.6619
192.6617
192.6616
192.6614
192.6613
192.6611
192.6610
192.6608
192.6607
192.6605
192.6604

192.6603
192.6601
192.6600
192.6598
192.6597
192.6595
192.6594

192.6592
192.6591
192.6589
192.6588
192.6586
192.6585
192.6583
192.6582

X2 1 Y2F 1AY (I "Y (MM)I

422.2280

422.2280
422.2280

422.2280

422.2280
422.2280
422.2280

422.2280
422.2280
422.2280

422.2280
422.2280
422.2280

422.2280
422.2280

422.2280
422.2280

422.2280

422.2280
422.2280
422.M

422.2280
422.2280

422.2280

422.2280
422.2280

422.2280
422.2280

422.2280
422.2280

422.2280

422.2280
422.2280

422.2280

422.2280

422.2280

422.2280

422.2280

422.2280

422.M
422.2280

422.2280

422.2280

422.2280

422.2280

422.2280
422.2280

422.2280
422.2280

422.2280

422.2280

133.7701
133.7687
133.7673
133.7659
133.7645
133.7631
133.7616
133.7602
133.7588
133.7574
133.7560
133.7546
133.7532
133.7518
133.7504
133.7490
133.7475
133.7461
133.7447

133.7433
133.7419
133.7405
133.7391
133.7377
133.7363
133.7348
133.7334
133.7320
133.7306
133.7292
133.7278
133.7264
133.7250
133.7236
133.7221
133.7207
133.7193
133.7179
133.7165
133.7151
133.7137
133.7123
133.7109
133.7094
133.7080
133.7066
133.7052
133.7038
133.7024
133.7010
133.6996

I



Arch Rotation (DEG)

02M 1 . I aa

0
1040

2080

3120
4160

5200
6240
7280

8320
9360

10400

11440

12480

13520
14560

15600
16640

17680
18720
19760
20800

21840

22880
23920
24960

26000
27040

28M80
29120
30160

31200
32240

33280

34320

35360
36400

37440

38480
39520

40560

41600

42640

43680
44720

45760
46800

47840

48880

49920
50960

52000

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

114921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

114921

114921

114921

11.4921

11.4921

11.4921

114921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

11.4921

114921

114921

114921

11.4921

11.4921

11.4921

11.4921

11.4921
11.4921

11.4921

114921

114921

11.4921

114921

11.4917

11.4913

114909

114906

11.4902

11.4898

11.4894

11.4890

11.4886

11.4882

11.4878

11.4874

11.4870
11.4866

11.4862
11A858
11.4854

11.4851
11.4847
11.4843

11.4839

11.4835

11.4831

11.4827

11.4823

11.4819

11.4815

11.4811

11.4807
11.4803

114799
114796

114792

114788
114784

114780

114776
114772

114768
11764

114760

11.4756
114752

114748

114744

114741
11.4737

11.4733
114729

11.4725

0.0000
0.0004

0.0008
0.0012

0.0016
0.0020

0.0024

0.0027
0.0031
0.0035
0.0039
0.0043
0.0047
0.0051
0.0055

0.0059
0.0063
0.0067
0.0071
0.0075
0.0079
0.0083

0.0086

0.0090
0.0094
0.0098

0.0102

0.0106
0.0110
0.0114

0.0118
0.0122

0.0126
0.0130
0.0134

0.0138
0.0141

0.0145

0.0149

0.0153

0.0157
0.0161
0.0165
0.0169

0.0173
0.0177
0.0181
0.0185

0.0189
00193

0.0197
,m



Arch-Wall joint Openg
H

0 223.0994 130.7438 223.9 M.7438

1040 223.0993 130.7437 223.0995 130.7438
2080 223.0992 130.7436 223.0997 130.7438

3120 223.0990 130.7435 223.0998 130.7438

4160 223.0989 130.7435 223.0999 130.7437

5200 223.0988 130.7434 223.1000 130.7437

6240 223.0987 130.7433 223.1002 130.7437

7280 223.0986 130.7432 223.1003 130.7437

8320 223.0985 130.7431 223.1004 130.7437

9360 223.0983 130.7430 223.1005 130.7437

10400 223.0982 130.7429 223.10(Y7 130.7436

11440 223.0981 130.7428 223.1008 130.7436

12480 223.0980 130.7428 223.1009 130.7436

13520 223.0979 130.7427 223.1010 130.7436

14560 223.0978 130.7426 223.1012 130.7436

15600 223.0976 130.7425 223.1013 130.7436

16640 223.0975 130.7424 223.1014 130.7435

17680 223.0974 130.7423 223.1015 130.7435

18720 223.0973 130.7422 223.1017 130.7435

19760 223.0972 130.7421 223.1018 130.7435

20800 223.0971 130.7421 223.1019 130.7435

21840 223.0969 130.7420 223.1020 130.7435

22880 223.0968 130.7419 223.1022 130.7434

23920 223.0967 130.7418 223.1023 130.7434

24960 223.0966 130.7417 223.1024 130.7434
26000 223.0965 130.7416 223.1025 130.7434

27040 223.0964 130.7415 223.1027 130.7434
28080 223.0962 130.7414 223.1028 130.7434
29120 223.0961 130.7414 223.1029 130.7433

30160 223.0960 130.7413 223.1030 130.7433

31200 223.0959 130.7412 223.1032 130.7433

32240 223.0958 130.7411 223.1033 130.7433

33280 223.0957 130.7410 223.1034 130.7433

34320 223.0955 130.7409 223.1035 130.7433

35360 223.0954 130.7408 223.1037 130.7432

36400 223.0953 130.7407 223.1038 130.7432

37440 223.0952 130.7407 223.1039 130.7432

38480 223.0951 130.7406 223.1040 130.7432
39520 223.0949 130.7405 223.1042 1307432

40560 223.0948 130.7404 223.1043 130.7432

41600 223.0947 130.7403 223.1044 130.7431

42640 223.0946 130.7402 223.1045 130.7431

43680 223.0945 130.7401 223.1047 130.7431

44720 223.0944 130.7401 223.1048 130.7431

45760 223.0942 130.7400 223.1049 130.431
46800 223.0941 130.7399 223.1050 130.7431

47840 223.0940 130.7398 223.1052 130.7430

48880 223.0939 130.7397 223.1053 130.7430

49920 223.0938 130.7396 223.1054 130.7430

50960 223.0937 130.7395 223.1056 130.7430

52000 223.0935 130.7394 223.1057 130.7430



Arch-Keystone Joint Opening I
H

X4M Y4M xev Ya

0 422.2280 117.2154 422.2280 117.2154

1040 422.2280 117.2153 422.2279 117.2140

2080 422.2280 117.2152 422.2278 117.2126

3120 422.2280 117.2151 422.2277 117.2112

4160 422.220 117.2149 422.2275 117.2098

5200 422.2280 117.2148 422.2274 117.2083

6240 4222280 117.2147 422.2273 117.2069

7280 422220 117.2146 422.2272 117.2055

8320 422.2280 117.2145 422.2271 117.2041

9360 422.2280 1172144 422.2270 117.2027

10400 422.2280 1172142 422.2269 117.2013

11440 422.2280 117.2141 422.2268 117.1999

12480 422.2280 117.2140 422.2266 117.1985

13520 422.2280 1172139 422.2265 117.1971

14560 422.2280 117.2138 422.2264 117.1957

15600 4222280 117.2137 422.2263 117.1942

16640 422.2280 117.2135 422.2262 117.1928

17680 4222280 117.2134 422.2261 117.1914

18720 42220 1172133 422.2260 117.1900

19760 422.2280 117.2132 422.2258 117.1886

20800 422220M 117.2131 422.2257 117.1872

21840 4222280 117.2130 422.2256 117.1858

22880 422.2280 117.2129 422.2255 117.1844

23920 4222280 117.2127 422.2254 117.1830

24960 422.2280 117.2126 422.2253 117.1815

26000 4222280 117.2125 422.2252 117.1801

27040 4222280 117.2124 422.2250 117.1787

28080 422.2280 117.2123 422.2249 117.1773

29120 422.2280 1172122 422.2248 117.1759

30160 422.2280 1172120 422.2247 117.1745

31200 422.2280 1172119 422.2246 117.1731

32240 422.2280 117.2118 422.2245 117.1717

33280 422.2280 1172117 422.2244 117.1703

34320 422.2280 117.2116 422.2243 117.1688

35360 422.2280 1172115 422.2241 117.1674

36400 422.2280 1172114 422.2240 117.1660

37440 422.2280 1172112 422.M 117.1646

38480 422.2280 1172111 422.2238 117.1632

39520 422.2280 1172110 422.2237 117.1618

40560 422;2280 1172109 422.36 117.1604

41600 4222280 1172108 422.2235 117.1590

42640 4222280 1172107 422.2233 117.1576

43680 4222280 117.2105 422.2232 117.1561

44720 4222280 1172104 422.2231 117.1547

45760 4222280 117.2103 422.2230 117.1533

46800 4222280 117.2102 422.2229 117.1519

47840 422.2280 117.2101 422.2228 117.1505

48880 4222280 117.2100 422.2227 117.1491

49920 4222280 117.2098 422.2225 117.1477

50960 4222280 1172097 422.2224 117.1463

52000 4222280 117.2096 422.2223 117.1448

AX (EN) AX (mm) AY (IN) AY(mm)



Appendix II: Construction Monitoring

Situation Scaffolding? Keystone? Total Weight of Vault

1 Y Y 76099 LB

2 Y N 66658 LB

3 N Y 72541 LB

4 N N 63100 LB

Predicted
Scale Offset (LB) Scale __________

Stones Scaffolding Total

Ala +6 Ala 3488 240 3722

Alb -35 Alb 3434 530 3999

Aic -23 Alc 3748 90 3861

Bla -16 Bla 1764 195 1975

Bic +51 Blc 1717 387 2053

BC +15 BC 3517 640 4142

Dla -2 DIa 2773 140 2915

Dld +31 Did 3802 381 4152

Ela +33 Ela 3509 313 3789

Eld +9 Eld 3200 304 3495

E2d -16 E2d 2220 338 2574

Total +53 Total 33172 3558 36677

Scale Loads Pdior to Dtop (Raw)

1 2 3 4 5 6 7 8
Scale 1/23/2015 1/29/2015 2/13/2015 2/26/2015 3/9/2015 3/25/2015 3/27/2015 3/30/2015

- - 9-10AM 8-9AM 3-4PM 8-9AM 2PM 8AM
- - 8*F 19*F 47*F 34*F 60*F 60*F

Ala - 3376 3487 3037 3326 3771 3901 3596

Aib - 4120 3817 3644 3847 3804 3947 3998
Aic - 3460 - 3794 3855 3609 3633 3526
Bla -- 2852 2925 2601 2581 2628

Blc 1495 2009 1863 1813 1876 1685
BC 2570 - - 5229 5403 4843 4995 5146

Dia - - - 3095 3205 2295 2400 2355

Did - - 4445 4386 4428 4494 4416

Ela - - 3757 3752 3428 3462 3600
Eld - 3011 3056 3553 3954 4194 3721

E2d - - - - - 2710 2756 2971

Total 4065 10956 10315 34918 36115 T 37256 3829 37642
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Scale Loads Prior to Drop (Refined)

1 2 3 4 5 6 7 8

Scale 1/23/2015 1/29/2015 2/13/2015 2/26/2015 3/9/2015 3/25/2015 3/27/2015 3/30/2015

- - 9-10AM 8-9AM 3-4PM 8-9AM 2PM 8AM

80F 190F 47*F 34*F 60*F 60*F

Ala - 3136 3247 2797 3086 3531 3661 3356

Alb - 3590 3287 3114 3317 3274 3417 3468

Aic - 3370 - 3704 3765 3519 3543 3436

Bla - - - 2657 2730 2406 2386 2433

Blc 1108 - - 1622 1476 1426 1489 1298

BC 1930 - - 4589 4763 4203 4355 4506

Dlia - - - 2955 3065 2155 2260 2215

Did - - - 4064 4005 4047 4113 4035

Ela - - - 3444 3439 3115 3149 3287

Eld - - 2707 2752 3249 3650 3890 3417

E2d - - - - - 2372 2418 2633

Total 3038 10096 9241 31698 32895 33698 34681 34084

99



asam
asas~ 

15-11

an-IIasa i-fl 

* iasU
U

U
sI 

iti

A
.aiiu 

uiui 5an 
lii

I;- 
ss 

ssl-l

j 
u

n
a
a
a
 

ii

_______li 
A

I- A.:1iiA.i

1511,111M
HURIIIIIII
1101111111

51555555555
15115155111
5515"55155i
m151511

Il 
1551ti

1511151511l
51151151511

11151!!ll
51511155515
U115155115i

1
5

5555555"ig

100

R
-------------li111

.: 
a 

-s 
n 

a 
-i

-A
 _________-__

A.iiII

s
~

-~
~

I
3

~

I
A 

~ 
II

A.A1IIA.frAi 55511~~!!
51551 515515

51155!
11551~!1~
551555511

515515555

55551115515
11155555551
111!1~

11551555151

111~!!!~

15555111!

1!!!! 555515

555515155~
11511151555

$
5
5
""



w
 

U
 

I

M~
IV

111
1 

1 
1 

Ii
i;

jf 
It 

1 -

re
a~

5 
[t

*E
il

t

un
i; 

i 
nn

i;;
n 

[

11
11

-n
 i

B
 

g
il

l

l I
 i

iI
 

g
 

B 
29 
1
v
l
l

1
5

'"
U

 
I
I
I
 1

il
~

U
5

I S
R

B
I 

I 
fl

aI
'Iu

"i
t!'

'-

;;
t 

urn

II'
 I

i' 
I'

~

11
11

-1
1+

1-
1]

jq
i



Hodroetal joint Openings During Drop Post Drop

25114 7

Crack Monitor 3/31/2015 3/31/2015 3/31/2015 3/31/2015 3/31/2015 3/31/2015 3/31/2015 4/7/2015 4/9/2015

9-30AM 10:45AM 11:45AM 12:45PM 1:45PM 2:15PM 2:30PM 9:30AM lOAM

1 A2A3t1 0.12 0.14 0.15 0.34 0.38 0.46 0.48

2 A2A3t2 -0.02 0.00 -0.10 -0.15 O.23 0.27 0.23
3 A2A3b1 -0.34 440 035 4.44 -0.42 -0.50

4 A2A3b2 0.10 412 4014 -0.16 -0.26 -0.26 -0.32

5 AlBlt 0.11 0.10 -002 -042 -0.04 -0.02 0.02

6 AIBib

7 BIB2t1 0.08 042 0.76 0.95 0.91 0.94 0.92

8 BIB2t2 0.12 018 0.51 0.73 0.79 0.70 0.79

9 BICIt 0.05 0.05 0.10 0.02 0.02 0.25 0.00

10 BiClb -0.17 -0.06 -017 -0.17 -0.19 -0.27 -0.23

11 CIC2tI -0.09 409 0.20 0.20 0.28 0.51 0.08

12 CIC2t2 -0.24 0.06 024 0.18 0.10 0.02 0.03 -019 -0.22

13 D1D2tI 0.03 0.26 0A6 0.47 0.57 0.61 0.70 0.69 0.89

14 DID2W2 0.39 0.58 0.74 0.77 0.91 0.95 0.96 0.78 1.15

15 E2E3t1 0.03 0.19 0.14 0.26 0.36 0.12 0.14 0.17 0.46

16 E2E3t2 0.19 0.03 008 0.11 0.25 -0.03 -0.07 -0.27 0.15

17 E2E3bI -0.53 -045 -0.51 40 -0A4 -0.64 -0.75 -0.62
18 E2E3b2 -0.07 -0.24 -0.22 .10 -0.13 -0.24
19 AlElt -0.05 -0.9 -022 -0.27 -0.38 -0.45 -0.42 -0.20

20 AlEIb 0.00 0.45 0.77 0.78 0.91 0.95 0.82 1.24

21 A1Kb 412 008 -0.7$ 0.01 -0.04 0.03 -0.52 -0.38
22 BlKb 0.05 0.32 0.26 038 0.16 -0.16 -0.89 -0.47
23 ClKb -0.15 039 0.5 0A8 0.15 0.05 0.23 -0.22

24 DIKb 1.43 55 1.86 1.48 1.70 1.80 1.78 2.06
25 E1Kb 0.37 0,47 02 0.63 0.73 1 0.87 0.95 1.05

AVG HodsontalJoint Opeming During Drop Post Drop

4 7 i s 19 21 22 23 25
A2A3t 0.05 0.07 Om0 0.10 0.31 0.37 0.35
A2A3b -0.12 -0.26 -0.2 -030 -0.34 0.00 -0.38 -0.32
AIBIt 0.11 0.10 -0.02 002 -0.04 -0.02 0.02
AIBIb 0.00 0.00 0.00 0.0 0.00 0.00 0.00
BIB2t 0.10 030 0.6 0.84 0.85 0.82 0.85
BIClt 0.05 0.5 0.10 0.02 0.02 0.25 0.00
BIClb -0.17 -0.06 -0.17 -0.17 -0.19 -0.27 -0.23
CIC2t -0.16 -0.01 022 0.19 0.19 0.27 0.06 -0.19 -0.22
DID2t 021 0.42 0.60 062 0.74 0.78 0.83 0.73 1.02
E2E3t 0.11 0.11 0.11 0.19 0.31 0.04 0.04 -0.05 0.30
E2E3b -0.30 -35 -0.36 -025 -0.31 0.00 -0.44 -0.75 -0.62
AIElt -0.05 -09 -022 -027 -0.38 0.00 -0.45 -0.42 -0.20
AlEib 0.00 OAS 077 0.78 0.91 0.00 0.95 0.82 1.24
AlKb -0.12 0.08 4.73 0.01 -0.04 0.00 0.03 -0.52 -0.38
BIKb 0.05 0.32 026 038 0.16 0.00 -0.16 -0.89 -0.47
CIKb -0.15 039 0.55 OAS 0.15 0.00 0.05 0.23 -0.22
DlKb 1.43 1.55 1.86 1.48 1.70 0.00 1.80 1.78 2.06
EIKb 0.37 0.47 0.62 0.63 0.73 0.00 0.87 0.95 1.05
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