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Mercy Health Muskegon
Building Overview

3D Exterior View of New and Existing Facilities

Statistics

• 10-story, 380,000 SF addition

• 2 Diagnostic & Treatment (D&T) Levels

• 1 Mechanical Level

• 7 Inpatient Bed Tower Levels 

• Dates of Construction: September 2016 – November 2019

• Approximate Construction Cost: $186,000,000
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Existing Gravity System

• Composite steel 

• W14 columns

• 3VLI18 composite deck with 4½” NWC topping 

Typical Bed Tower Floor
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Existing Lateral System

• Moment frames (blue) 

• Braced frames (red)

Typical Bed Tower Floor
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HGA Project Mission Statement

“The project shall provide a healing environment for

patient centered care that is safe, affordable, and high

quality, honoring our great tradition of commitment to

community and organizational health.”
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Project Overview

Thesis Goals & Methods

Healing environment for patient centered care

- Vibration and acoustic analyses 
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- Vibration and acoustic analyses 

Safe, affordable, and high quality

- Prefabrication study and cost analyses
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Mercy Health Muskegon
Project Overview

Thesis Goals & Methods

Healing environment for patient centered care

- Vibration and acoustic analyses 

Safe, affordable, and high quality

- Prefabrication study and cost analyses

Commitment to community and organizational health

- Consider design impacts for other locations within 

the health network
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3D View of RAM Concept Model Initial Bed Tower Flat Slab Plan Total Load Deflection

Alternative Bay Study
Flat Slab Update
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3D View of RAM Concept Model Final Bed Tower Flat Slab Plan Total Load Deflection
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Composite with Fewer Infills

Alternative Bay Study
System Selection

Preliminary Decision-Making Method

Building Overview
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Composite with Fewer Infills

Alternative Bay Study
System Selection

Detailed Decision-Making Method: Pugh Matrix
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Gravity Redesign
Overview

Methods

• Explore iterations of composite and non-composite gravity systems

• Design for increased vibration performance criteria 

• Compare formal decision-making methods for the selection of 

structural systems in healthcare facilities

Goals

• Patient-centered healing environment

• Sustainability

• System integration
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Gravity Redesign
Bay Iterations

Original Bed Tower Layout Original First Floor Layout
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Three Typical Bays Considered:

1. Patient Room Bay (Bed Tower)

2. Interior Bay (Bed Tower)

3. Surgical Bay (D&T)
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Infills
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Infills - Modified

Rotated Bed Tower Layout

Increased Vibration 

Performance Criteria

• Surgical Bay: 4000 mips

• Patient Room Bay: 6000 mips

• Interior Bed Tower Bay: 0.5% g
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Bed Tower Layout with Fewer 

Infills

Increased Vibration 

Performance Criteria

• Surgical Bay: 4000 mips

• Patient Room Bay: 6000 mips

• Interior Bed Tower Bay: 0.5% g

Typical Patient Room Comparisons

Non-composite 
Design with Original 

Layout

Composite with 
Fewer Infills

Beam W14x26 W18x35

Left Girder W27x84 W27x84

Right Girder W24x68 W24x62

Studs 86 studs

Structural Weight 86 psf 75 psf

Carbon Content 13,090 kg CO2 15,722 kg CO2

Structural Cost, Material $23.02 / SF $23.70 / SF

Structural Cost, Material & Labor $25.49 / SF $26.37 / SF

Number of Total Pieces 7 6

Average Demand to Capacity Ratio 0.63 0.4

V
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o
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es
p

o
n

se Slow, 50 steps/min 1557 mips 1552 mips

Moderate, 75 steps/min 5792 mips 5773 mips

Fast, 100 steps/min 26063 mips 25976 mips
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Infills Mechanical Overlay for Original Gravity System Layout Existing Gravity System Floor Section
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Structural Decision-Making
AEC Industry Healthcare Survey

Structural Systems, 
17

Mechanical 
Systems, 9

Architectural 
Systems, 7

Electrical Systems, 
2

Lighting, 2
Construction, 1

DISCIPLINE BREAKDOWN

Parameters Considered

• Healthcare

• General

• Architectural

• Construction

• Structural



Structural Decision-Making
AEC Industry Healthcare Survey

STRUCTURAL SYSTEM SELECTION PARAMETERS

General 
Criteria

Sustainability 
(carbon 

emissions)

Future 
flexibility of 
the space

System cost

Architectural 
Criteria

Plenum depth

Plenum 
coordination

Construction 
Criteria

Repetitive members

Enhancing/easing 
erection/construction 

time

Structural 
Criteria

Minimizing 
number of 
members

Structural 
weight

Minimizing 
Structural 

depth
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• General

• Architectural

• Construction

• Structural



Structural Decision-Making
AEC Industry Healthcare Survey

STRUCTURAL SYSTEM SELECTION PARAMETERS

General 
Criteria

Sustainability 
(carbon 

emissions)

Future 
flexibility of 
the space

System cost

Architectural 
Criteria

Plenum depth

Plenum 
coordination

Construction 
Criteria

Repetitive members

Enhancing/easing 
erection/construction 

time

Structural 
Criteria

Minimizing 
number of 
members

Structural 
weight

Minimizing 
Structural 

depth

1
• Plenum depth & coordination

2
• Structural weight

3
• Enhancing/easing erection/construction time

4
• Minimizing structural depth

5
• Repetitive members

6
• Minimizing number of members

7
• System cost

8
• Future flexibility of the space

9
• Sustainability (carbon emissions)

Building Overview

Alternative Gravity 

Bay Study

► Gravity System 

Redesign

► Decision-Making 

Study

Lateral System 

Redesign

Structural System 

Comparisons

Acoustic Analysis

Prefabrication Study



Structural Decision-Making
MCDM Methods

Analytic Hierarchy Process (AHP)Choosing By Advantages (CBA)Pugh Matrix (PM)
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Structural Decision-Making
PM, CBA, & AHP Results

CBA Cost-Advantage ComparisonCBAPM & AHP

Non-composite, original layout

Composite, fewer infills, modified

Non-composite, fewer infills

Composite, fewer infills

Original composite (modified)

Composite, rotated

Non-composite, fewer infills

Non-composite, original layout

Composite, fewer infills, modified

Composite, fewer infills

Original composite (modified)

Composite, rotated
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CBA Cost-Advantage ComparisonCBAPM & AHP
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Gravity Redesign
Non-composite with Original Layout

Redesigned Non-composite System, Typical Bed Tower BaysExisting Composite System, Typical Bed Tower Bays

Typical Patient Room Bay Comparisons

Existing
Non-composite 

Design with Original 
Layout

Studs

Structural Weight 86 psf 86 psf

Carbon Content 12,955 kg CO2 13,090 kg CO2

Structural Cost, Material $22.44 / SF $23.02 / SF

Structural Cost, Material & Labor $25.12 / SF $25.49 / SF

Number of Total Pieces 7 7

Average Demand to Capacity Ratio 0.56 0.63

V
ib

ra
ti

o
n

 
R

es
p

o
n

se Slow, 50 steps/min 2504 mips 1557 mips

Moderate, 75 steps/min 9316 mips 5792 mips

Fast, 100 steps/min 41921 mips 26063 mips

Typical Interior Bay Comparisons

Existing
Non-composite 

Design with Original 
Layout

Studs

Structural Weight 85 psf 85 psf

Carbon Content 17,871 kg CO2 18,375 kg CO2

Structural Cost, Material $19.12 / SF $21.96 / SF

Structural Cost, Material & Labor $21.74 / SF $24.36 / SF

Number of Total Pieces 6 6

Average Demand to Capacity Ratio 0.75 0.87

V
ib

ra
ti

o
n

 
R

es
p

o
n

se

% g 0.288 % g 0.217 % g
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Gravity Redesign
Non-composite with Original Layout

Typical Patient Room Bay Comparisons

Existing- Modified for 
Vibration Requirements

Non-composite Design 
with Original Layout

Beam W14x26 W14x26

Left Girder W27x84 W27x84

Right Girder W24x68 W24x68

Studs 116

Structural Weight 88 psf 86 psf

Carbon Content 14,804 kg CO2 13,090 kg CO2

Structural Cost, Material $24.23 / SF $23.03 / SF

Structural Cost, Material & Labor $26.86 / SF $25.49 / SF

Number of Total Pieces 7 7

Average Demand to Capacity Ratio 0.4 0.63

V
ib

ra
ti

o
n

 
R

es
p

o
n

se Slow, 50 steps/min 1465 mips 1557 mips

Moderate, 75 steps/min 5451 mips 5792 mips

Fast, 100 steps/min 24528 mips 26063 mips

Typical Interior Bay Comparisons

Existing - Modified for 
Vibration Requirements

Non-composite Design 
with Original Layout

Beam W18x35 W21x44

Left Girder W24x55 W24x68

Right Girder W24x55 W24x68

Studs 148

Structural Weight 85 psf 85 psf

Carbon Content 17,822 kg CO2 18,375 kg CO2

Structural Cost, Material $21.09 / SF $21.96 / SF

Structural Cost, Material & Labor $23.70 / SF $24.36 / SF

Number of Total Pieces 6 6

Average Demand to Capacity Ratio 0.68 0.87
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% g 0.288 % g 0.217 % g



Location Map Existing Braced & Moment Frame System
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Lateral Redesign
Overview

SDC C SDC A

120 
mph 
wind

180 
mph 
wind

Methods

• ETABS & RAM SS preliminary analyses

• RAM SS detailed design

Goals

• Redesign the lateral system for a proposed new 

location within the Mercy Health network

• Consider strength, serviceability, sustainability, 

and system integration



Location Map Existing Braced & Moment Frame System

Building Overview

Alternative Gravity 

Bay Study

Gravity System 

Redesign

Decision-Making 

Study

► Lateral System 

Redesign

Structural System 

Comparisons

Acoustic Analysis

Prefabrication Study

Lateral Redesign
Overview

1697
1468

559

3771

0

500

1000

1500

2000

2500

3000

3500

4000

Seismic Wind

ET
A

B
S 

B
A

SE
 S

H
EA

R
 (

K
)

Lateral Load Comparisons

Muskegon Fort Lauderdale

SDC C SDC A

120 
mph 
wind

180 
mph 
wind



Existing Moment & Braced Frame System

Building Overview

Alternative Gravity 

Bay Study

Gravity System 

Redesign

Decision-Making 

Study

► Lateral System 

Redesign

Structural System 

Comparisons

Acoustic Analysis

Prefabrication Study

Lateral Redesign
Overview

1697
1468

559

3771

0

500

1000

1500

2000

2500

3000

3500

4000

Seismic Wind

ET
A

B
S 

B
A

SE
 S

H
EA

R
 (

K
)

Lateral Load Comparisons

Muskegon Fort Lauderdale

SDC C SDC A

120 
mph 
wind

180 
mph 
wind

0

20

40

60

80

100

120

140

160

180

0 0.5 1 1.5 2 2.5 3 3.5

El
ev

at
io

n
 (

ft
)

Story Drift (in)

Original Lateral Model Story Drifts 
with Ft. Lauderdale Wind Loads

Drift Limit

Drift X

Drift Y



Building Overview

Alternative Gravity 

Bay Study

Gravity System 

Redesign

Decision-Making 

Study

► Lateral System 

Redesign

Structural System 

Comparisons

Acoustic Analysis

Prefabrication Study

Lateral Redesign
Overview

1697
1468

559

3771

0

500

1000

1500

2000

2500

3000

3500

4000

Seismic Wind

ET
A

B
S 

B
A

SE
 S

H
EA

R
 (

K
)

Lateral Load Comparisons

Muskegon Fort Lauderdale

SDC C SDC A

120 
mph 
wind

180 
mph 
wind

0

20

40

60

80

100

120

140

160

180

0 0.5 1 1.5 2 2.5 3 3.5

El
ev

at
io

n
 (

ft
)

Story Drift (in)

Original Lateral Model Story Drifts 
with Ft. Lauderdale Wind Loads

Drift Limit

Drift X

Drift Y

0

20

40

60

80

100

120

140

160

180

0 0.5 1 1.5 2 2.5 3 3.5

El
ev

at
io

n
 (

ft
)

Story Drift (in)

Updated Original Lateral Model Story Drifts 
with Ft. Lauderdal Wind Loads

Drift Limit

Drift X

Drift Y



Existing Braced & Moment Frame Locations Preliminary Bed Tower Shear Wall Locations
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Section Cut Location
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Shear Wall Elevation
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Shear Wall Section – Plan View (Level 5) 
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Controlling LC: 0.9D + 1.0W
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Structural Redesign
Summary

Existing 
Structure, 

$9,952,114

Redesigned 
Structure, 

$9,465,914
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Bay Study
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► Structural 

System 
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Structural Redesign
Summary

Redesigned Structural System

$500,000 cost savings

Higher structural weight

Reduced column sizes

More labor hours

Better vibration performance

Better drift control in Fort Lauderdale hurricane 

region
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► Acoustic Analysis
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Image Source: http://eykon.net/haven-59903

Existing PACU Separation: Polyester Privacy Curtains Goals

• Increase acoustic performance between PACU bays

• Maintain or increase privacy between PACU bays

• Facilitate circulation so that PACU nurses can provide 

high quality patient care
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► Acoustic Analysis
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D&T Level One Functional Diagram

Acoustic Analysis
PACU Bay Noise Reduction
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Image Source: http://eykon.net/haven-59903

Existing PACU Separation: Polyester Privacy Curtains

3D View of PACU
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Image Source: https://woodfold.com/accordion/series-3300/Image Source: http://eykon.net/haven-59903
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Modular Bathroom Pods

Goals

• Examine uses of prefabrication in addition to the 

existing premanufactured headwalls

• Explore the feasibility of prefabricated bathrooms in 

place of the 206 private patient room bathrooms

• Shorten the construction schedule to increase hospital 

time to revenue 

• Consider effects on construction waste and safety

Typical Patient Room Plan
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Thesis Goals & Methods

Healing environment for patient centered care

Safe, affordable, and high quality

Commitment to community and organizational health

Results

Gravity Redesign

- Better vibration performance

Lateral Redesign

- System redesigned for alternative location (Ft. 

Lauderdale) within the Trinity Health Network

Acoustic Breadth

- Better acoustic performance and patient privacy

Prefabrication Breath

- Cost savings, increased safety, and less construction 

waste
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Appendix
Detailed Lateral Load Comparison

Base Shear Comparison

Original Design (Muskegon) Original Design (Fort Lauderdale)

Load Case
Manual ETABS RAM Manual ETABS RAM

Force (k) Force (k) Force (k) Force (k) Force (k) Force (k)

Wind X 1744 1468 1734 3351 3771 4339

Wind Y 1043 883 1168 1776 1986 2656

Seismic X 1695 1697 1105 482 559 514

Seismic Y 1067 1067 742 482 559 593

Existing Lateral System COM & COR
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3D View of Preliminary Shear Wall Locations



Appendix
Lateral Redesign

D&T Level 2 Shear Wall LocationD&T Level 1 Shear Wall Location Typical Bed Tower Shear Wall Location
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Appendix
Lateral Redesign

Strength and Reinforcement Verification:

Shear Wall Section Cut Locations
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Lateral Redesign
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Lateral Redesign
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Appendix
Column Comparisons

Typical Exterior Columns: Existing vs. Redesigned Typical Interior Columns: Existing vs. Redesigned



Appendix
Alternative Gravity Bay Study – System Details

Composite with Fewer Infills

• 3VLI16 composite deck

• 3 ½” LWC topping 

• f’c = 4000 psi

• 2-hour fire rating

• ¾” diameter, 5” long headed shear studs

• W14 columns

Flat Slab

• 12” slab with 8” drops (updated to 8” slab, 4.25” drops 

/ 11” slab, 8.25” drops for 45’ span)

• NWC, f’c = 4000 psi

• Reinforcing steel fy = 60 ksi

• 20”x20” interior columns

• 17”x17” exterior columns

One-Way Pan Joists

• 3” topping slab (reinforcing: #4 @ 7”)

• 14” deep rib (reinforcing: (2) #5 per rib)

• 30” forms with 6” wide ribs

• 46”x14” concrete girders

• f’c = 4000 psi

• Reinforcing steel fy = 60 ksi) 
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Appendix
Alternative Gravity Bay Study – System Details

Flat Slab

• 12” slab with 8” drops (updated to 8” slab, 4.25” drops 

/ 11” slab, 8.25” drops for 45’ span)

• NWC, f’c = 4000 psi

• Reinforcing steel fy = 60 ksi

• 20”x20” interior columns

• 17”x17” exterior columns
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Appendix
Alternative Gravity Bay Study – Updated Flat Slab
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Alternative Gravity Bay Study – Updated Flat Slab
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Alternative Gravity Bay Study
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Alternative Gravity Bay Study – Updated Comparisons

Building Overview

Alternative Gravity 

Bay Study

Gravity System 

Redesign

Decision-Making 

Study

Lateral System 

Redesign

Structural System 

Comparisons

Acoustic Analysis

Prefabrication Study



Appendix
Alternative Gravity Bay Study – PM Comparison
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Gravity Redesign – Epicore Deck
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Gravity Redesign – Epicore Deck
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Gravity Redesign
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Gravity Redesign
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Gravity Redesign
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Appendix
Gravity Redesign

Mechanical Overlay for Original Gravity System LayoutExisting Gravity System Floor Section
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Gravity Redesign
Non-composite with Original Layout

Redesigned Non-composite System, Typical Surgical BaysExisting Composite System, Typical Surgical Bay

Typical Surgical Bay Comparisons

Existing
Non-composite 

Design with Original 
Layout

Studs

Structural Weight 83 psf 84 psf

Carbon Content 11,866 kg CO2 13,228 kg CO2

Structural Cost, Material $16.79 / SF $21.02 / SF

Structural Cost, Material & Labor $19.13 / SF $23.38 / SF

Number of Total Pieces 6 6

Average Demand to Capacity Ratio 0.7 0.84

V
ib

ra
ti

o
n

 
R

es
p

o
n

se Slow, 50 steps/min 2015 mips 1001 mips

Moderate, 75 steps/min 7495 mips 3722 mips

Fast, 100 steps/min 33728 mips 16750 mips
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Gravity Redesign
Non-composite with Original Layout

Typical Patient Room Bay Comparisons

Existing- Modified for 
Vibration Requirements

Non-composite Design 
with Original Layout

Beam W21x44 W18x35

Left Girder W24x68 W27x84

Right Girder W24x68 W27x84

Studs 272

Structural Weight 88 psf 84 psf

Carbon Content 16,500 kg CO2 13,228 kg CO2

Structural Cost, Material $21.21 / SF $21.02 / SF

Structural Cost, Material & Labor $23.90 / SF $23.38 / SF

Number of Total Pieces 7 6

Average Demand to Capacity Ratio 0.4 0.84

V
ib

ra
ti

o
n

 
R

es
p

o
n

se Slow, 50 steps/min 993 mips 1001 mips

Moderate, 75 steps/min 3695 mips 3722 mips

Fast, 100 steps/min 16625 mips 16750 mips
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Gravity Redesign – AHP Results
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Criteria General Architectural Construction Structural 

Overall 
Preference

Weight 0.1 0.4 0.2 0.3

Subcriteria G1 G2 G3 A1 A2 C1 C2 S1 S2 S3

Weight 0.22 0.37 0.41 0.5 0.5 0.49 0.51 0.32 0.35 0.33

Concept 
1b

0.231 0.028 0.067 0.361 0.108 0.067 0.053 0.028 0.076 0.036 0.129

Alternative 
Concept 2

0.061 0.147 0.140 0.090 0.195 0.267 0.028 0.147 0.173 0.090 0.135

Alternative 
Concept 3

0.061 0.324 0.275 0.036 0.332 0.067 0.333 0.324 0.339 0.036 0.202

Alternative 
Concept 4

0.030 0.324 0.026 0.036 0.064 0.067 0.127 0.324 0.339 0.036 0.122

Alternative 
Concept 5

0.487 0.028 0.401 0.361 0.108 0.267 0.333 0.028 0.026 0.361 0.223

Alternative 
Concept 6

0.131 0.147 0.091 0.116 0.195 0.267 0.127 0.147 0.046 0.116 0.139
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Gravity Redesign – PM Results
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Gravity Redesign – CBA Results
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System 1b Alternative System 2 Alternative System 3

Factor Attributes Adv. IoA Attributes Adv. IoA Attributes Adv. IoA

F1 14804 
13% 
less

20 15722 7% less 5 15379 9% less 10

F2 19, 0.4
37% 

lower 
UR

10 16, 0.4

16% 
less, 
37% 

lower 

30 15, 0.44

21% 
less, 
30% 

lower

40

F3 14”
33% 
less 

depth
200 18”

14% 
less 

depth
100 21” -- --

F4 3, NR
Non-

rotated
67 2, NR

Non-
rotated

133 1, NR
Non-

rotated
200

F5 6 -- -- 5
17% 
less

100 6 -- --

F6 33.60
1.3% 
less

30 34.03 -- -- 31.69 7% less 150

F7 19 -- -- 16
16% 
less

15
21% 
less

75

F8 88.38 -- -- 74.56
15.6% 

less
70 74.13

16% 
less

105

F9 14”
33% 
less 

depth
125 18”

14% 
less 

depth
63 21” -- --

Total -- -- 452 -- -- 501 -- -- 580

Alternative System 4 Alternative System 5 Alternative System 6

Factor Attributes Adv. IoA Attributes Adv. IoA Attributes Adv. IoA

F1 16958 -- -- 13090 23% less 25 14889
12% 
less

15

F2 15, 0.35

21% 
less, 
44% 

lower

50 19, 0.63 -- -- 16, 0.52

16% 
less, 
17% 

lower

20

F3 21” -- -- 14”
33% less 

depth
200 18”

14% 
less 

depth
100

F4 1, R -- -- 3, NR
Non-

rotated
67 2, NR

Non-
rotated

133

F5 6 -- -- 5 17% less 100 5
17% 
less

100

F6 32.69 4% less 60 31.78
6.7% 
less

120 32.57
4.3% 
less

90

F7 15
21% 
less

75 19 -- -- 16
16% 
less

56

F8 61.41
31% 
less

175 86.19
2.5% 
less

35 73.50
17% 
less

140

F9 21” -- -- 14”
33% less 

depth
125 18”

14% 
less 

depth
63

Total -- -- 360 -- -- 672 -- -- 717
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AEC Industry Healthcare Survey

STRUCTURAL SYSTEM SELECTION WEIGHTS

0.1

0.22

0.37

0.41

0.4

0.5

0.5

0.2

0.49

0.51

0.3

0.32

0.35

0.33

STRUCTURAL SYSTEM SELECTION PARAMETERS

General 
Criteria

Sustainability 
(carbon 

emissions)

Future 
flexibility of 
the space

System cost

Architectural 
Criteria

Plenum depth

Plenum 
coordination

Construction 
Criteria

Repetitive members

Enhancing/easing 
erection/construction 

time

Structural 
Criteria

Minimizing 
number of 
members

Structural 
weight

Minimizing 
Structural 

depth
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Acoustic Cost Estimates
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