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Nomenclature 

Abr = bearing area, in.2 

Ag = gross cross-sectional area of a member, in.2 

An = net cross-sectional area of a member, in.2 

As = area of nonprestressed longitudinal tension reinforcement, in.2 

Ast = total area of laterally tied longitudinal reinforcing steel, in.2 

a = depth of an equivalent compression stress block at nominal strength, in. 

b = width of section, in. 

Cm = force due to compression stress of masonry, lb 

c = distance from the maximum compressive strain to the neutral axis, in. 

cb = distance from the maximum compressive strain to the neutral axis at the  

balanced condition, in. 

Cd = deflection amplification factor (unitless) 

D = dead load or related internal moments and forces, lb 

di = distance of extreme compression fiber to centroid of tension reinforcement, in. 

E = load effect of earthquake or related internal moments and forces, lb, in.-lb 

Em = modulus of elasticity of masonry in compression, psi 

Es = modulus of elasticity of steel, psi 

e = eccentricity of axial load, in. 

f’m = specified compressive strength of clay masonry or concrete masonry, psi 

fs = calculated tensile or compressive stress in reinforcement, psi 

h = effective height of wall, in. 

Ieff = effective moment of inertia, in.4 

Ig = moment of inertia of gross cross-sectional area of a member, in.4 

In = moment of inertia of net-cross-sectional area of a member, in.4 

L = live load or related internal moments and forces, lb, in.-lb 

l = clear span between supports, in. 
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M = maximum moment at the section under consideration, in.-lb 

P = axial load, lb 

Pb = balanced axial load, lb 

Pu = ultimate axial load, lb 

Pn = nominal axial load, lb 

PLr = axial load due to the reduced live loading, lb 

PD = axial load due to the dead loading, lb 

R = response modification coefficient (unitless) 

r = radius of gyration, in  

Tsi = force due to tension in steel, lb 

εmu = maximum usable compressive strain on masonry, in/in 

εsi = tension strain in steel reinforcing members, in/in 

ρ = reinforcement ratio (unitless) 

ϕ = strength reduction factor (unitless) 
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1.0 Introduction: 

Spring quarter of 2023 began the collaboration with senior project advisor, Dr. Craig 
Baltimore, in order to assess the usability for a first-time user of the Concrete Masonry Design 
Program, CMD21, program, developed by Alan Robinson, through the Concrete Masonry 
Association of California and Nevada1. The CMD21 program is being used in this project to 
design concrete masonry unit shear walls, although the program has the capacity to assess 
beams, columns, and more using either concrete or masonry materials. Designing masonry 
shear walls is extremely relevant to the structural engineering industry, as the production of 
materials such as Portland and masonry cement in the US has increased from 66,447,000 metric 
tons in 2010 to 95,000,000 metric tons in 2022.  

1.1 Background of Structural Programs: 

This project demonstrates the learning curve for a design software, which is a common 
occurrence in the structural engineering consultation industry. Design-software learning is 
emphasized greatly in Cal Poly’s architectural engineering program curriculum as students are 
exposed to many software programs throughout their education. Such software includes: 

• RISA 2D: Structural analysis and design in two dimensions 
• ETabs: Structural analysis and design in three dimensions 
• MATLAB: Programming language and numeric computing environment  
• Python: High-level programming language and environment 
• AutoCAD: Industry standard building information modeling in two dimensions 
• Revit: Industry standard building information modeling in three dimensions 
• ARCHICAD: Building information modeling in three dimensions 
• SPColumn: Finite element analysis 
• Excel: Data processing environment and cell-based coding 

1.2 Relevant CMD21 Manual Contents: 

 Chapter 1 of the manual instructs the user how to install the CMD21 program. Chapters 
2 and 3 outline the usage of each button on the user interface. Chapter 4 focuses on educating 
the user on the CMD21 Input Form and what each symbol represents. Chapter 5 outlines 
relevant equations for strength design with code citations. Chapters 6 through 10 cover 
different types of strength design such as strength design of walls for out-of-plane loads, for in-
plane loads, of beams, of piers, and of columns. This project solely represents the usability of 
the design program for strength design of walls for in-plane loads. The remaining chapters of 
the manual perform design tasks using working stress design, which is beyond the scope of this 
project. 

 

 

1 Concrete Masonry Association of California and Nevada, 6060 Sunrise Vista Dr., Suite 1990, Citrus Heights, CA 
95610, Telephone: 916-722-1700, Website: cmacn.org 
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2.0 Purpose: 

The purpose of this project is to verify the first-time usability of the CMD21 program for 
designing masonry shear walls with in-plane loads using strength design. Another aspect of this 
project is being exposed to using and understanding this software, as learning new software 
pertains to being a practicing engineer. The practice of hand-calculations for a shear wall also 
demonstrates an understanding of non-linear stress behavior and free body diagrams. 

3.0 Program Verification: 

 The use of the CMD21 program to analyze a shear wall with in-plane loading will be 
verified by liberally referencing an example of a wall-line for a single-story office building with 
the following conditions. The wall is 8” CMU, and it is configured as shown in figures 3.1 and 3.2 
below. The site is classified as Site Class D. The wall is fully grouted, using medium weight 
concrete masonry units laid in running bond with type S mortar. The masonry has a specified 
compressive strength, f’m, of 2000 psi. The steel reinforcement is Grade 60 (fy = 60 ksi) with 
design coefficients of R = 5.0 and Cd = 3.5. 

 

 

 

 

Figure 3.1: An elevation of the wall with a section cut through the wall being analyzed. 

Figure 3.2: A section cut through the wall segment being analyzed that shows the reinforcement spacing. 

1 

WALL SECTION 1 
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Loading Diagrams: 

The following figures define the realistic dead loads and earthquake loads for this project 
needed to analyze the center wall section and define the demand loads using load 
combinations from ASCE 7-16. 
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Figure 3.4: Earthquake loads along the wall-line 
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3.1 Hand Calculations: 

Load Combinations: 

φ=0.9 (TMS 402-16 Section 9.1.4) 

1. 1.2D + 1.6L 

Pu = 49.1 kips; Mu = 0 kip-ft; Vu = 0 kips (at the top of the wall segment) 

Pu = 56.6 kips; Mu = 0 kip-ft; Vu = 0 kips (at the bottom of the wall segment) 

2. 1.2D + E = 1.4D + Eh 

Pu = 40.5 kips; Mu = 59.5 kip-ft; Vu = 17.3 kips (at the top of the wall segment) 

Pu = 49.3 kips; Mu = 120.6 kip-ft; Vu = 18.7 kips (at the bottom of the wall segment) 

3. 0.9D + E = 0.7D + Eh 

Pu = 20.2 kips; Mu = 59.5 kip-ft; Vu = 17.3 kips (at the top of the wall segment) 

Pu = 24.6 kips; Mu = 120.6 kip-ft; Vu = 18.7 kips (at the bottom of the wall segment) 

 

To assess the axial force and moment interaction, the three points of the interaction diagram, 
the pure axial condition, the pure flexural condition, and the balanced condition, must be 
calculated. 

 

3.1a Pure Axial Condition: 

Radius of gyration for a rectangular cross-section: 𝑟𝑟 = �𝐼𝐼
𝐴𝐴

= 𝑡𝑡
√12

= 7.63 𝑖𝑖𝑖𝑖
√12

= 2.20 𝑖𝑖𝑖𝑖 

Slenderness ratio: ℎ
𝑟𝑟

= 16𝑓𝑓𝑓𝑓(12𝑖𝑖𝑖𝑖/𝑓𝑓𝑓𝑓)
2.20𝑖𝑖𝑖𝑖

= 87.3 < 99 

𝑃𝑃𝑛𝑛 = 0.80�0.80𝑓𝑓′𝑚𝑚(𝐴𝐴𝑛𝑛 − 𝐴𝐴𝑠𝑠𝑠𝑠) + 𝑓𝑓𝑦𝑦𝐴𝐴𝑠𝑠𝑠𝑠� �1 − � ℎ
140𝑟𝑟

�
2
�   (TMS 402-16 Eq. 9-15) 

𝑃𝑃𝑛𝑛 = 0.80[0.80(2𝑘𝑘𝑘𝑘𝑘𝑘)(7.63𝑖𝑖𝑖𝑖 × 96𝑖𝑖𝑖𝑖 − 0) + 60𝑘𝑘𝑘𝑘𝑘𝑘(0)] �1 − �
87.3
140

�
2

� = 573 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

 

Φ𝑃𝑃𝑛𝑛 = 0.9(573) = 516𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 > 𝑃𝑃𝑢𝑢 
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In the pure flexural condition, the distance from the furthest compression fiber to the neutral 
axis, c, is unknown. In order to solve for c, a process of trial and error must be completed such 
that the tension and compression forces from the rebar and masonry, respectively, are equally 
balanced. In this condition, the masonry has reached its maximum strain, which is, according to 
TMS 402-16 section 9.3.2, a strain of 0.0025. A value of c is chosen, and the following 
calculations are completed until the tension and compression forces are equal. 

3.1b Pure Flexural Condition: 

𝑎𝑎 = 0.8𝑐𝑐 (per TMS 402-16 Section 9.3.2) 

𝐶𝐶𝑚𝑚 = 0.8𝑎𝑎𝑎𝑎𝑓𝑓′𝑚𝑚 (per TMS 402-16 Section 9.3.2) 

𝜀𝜀𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑚𝑚𝑚𝑚 �
𝑑𝑑𝑖𝑖−𝑐𝑐
𝑐𝑐
� (by similar triangles) 

𝑇𝑇𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑠𝑠𝑠𝑠𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑚𝑚𝑚𝑚 �
𝑑𝑑𝑖𝑖 − 𝑐𝑐
𝑐𝑐

�𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠 ≤ 𝑓𝑓𝑦𝑦𝐴𝐴𝑠𝑠𝑠𝑠  

Σ𝑇𝑇𝑠𝑠𝑠𝑠 + 𝑃𝑃𝑢𝑢 = 𝐶𝐶𝑚𝑚 (Pu=0 in the pure flexural condition) 

 𝜀𝜀𝑚𝑚𝑚𝑚 = 0.0025 (per TMS 402-16 Section 9.3.2) 
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Through trial and error, the neutral axis has been selected (c=6.14in) 

 

 

 

 

 

 

 

 

𝜀𝜀𝑠𝑠6 = 0.0349 

𝜀𝜀𝑠𝑠5 = 0.0284 

𝜀𝜀𝑠𝑠4 = 0.0219 

𝜀𝜀𝑠𝑠3 = 0.0121 

𝜀𝜀𝑠𝑠2 = 0.0056 

𝜀𝜀𝑚𝑚𝑚𝑚 = 0.0025 

Ts6 Ts5 Ts4 Ts3 Ts2 

Cm 

Figure 3.5: Stress and Strain diagrams labeled with the appropriate force resultants and strain values at the 
pure flexural condition 

ε=0 

σ=0 

σ=0.8f’m 

a 
c 

d2 

d3 

d4 

d5 

d6 
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Table 3.1: Used to calculate total axial loads in the y direction and the flexural loads about the 
center line for the pure axial condition 

 𝐴𝐴𝑠𝑠𝑠𝑠  
(in2) 

𝑑𝑑𝑖𝑖 
(in) 

𝜀𝜀𝑠𝑠𝑠𝑠 
(in/in) 

𝑓𝑓𝑠𝑠𝑠𝑠  
(ksi) 

𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 
(kips) 

Moment 
Arm 

𝑀𝑀𝑛𝑛𝑛𝑛𝑛𝑛 
(kip-in) 

Masonry  2.46   60.00 45.540” 2732.60 
Steel        
Bar 1 0.20 4.00 * * * *        * 
Bar 2 0.20 20.00 -0.0056 -60.00 -12.00 28.000” -336.00 
Bar 3 0.20 36.00 -0.0121 -60.00 -12.00 12.000” -144.00 
Bar 4 0.20 60.00 -0.0219 -60.00 -12.00 12.000” 144.00 
Bar 5 0.20 76.00 -0.0284 -60.00 -12.00 28.000” 336.00 
Bar 6 0.20 92.00 -0.0349 -60.00 -12.00 44.000” 528.00 
Total 1.20    0.00  3260.60 

*Compressive steel is not calculated as a compressive force per TMS 402-16 Section 9.3.2 

 

𝜙𝜙𝑀𝑀𝑛𝑛𝑛𝑛𝑛𝑛 = 0.9 �
3260.6 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑖𝑖𝑖𝑖

12 𝑖𝑖𝑖𝑖/𝑓𝑓𝑓𝑓
� = 240 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 
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Unlike the iterative process needed to determine the neutral axis location in the pure flexural 
condition, the balanced condition has the maximum strain values at yielding. For the tension 
steel, the ultimate strain is equal to 0.0021, and, for the compression masonry, the ultimate 
strain is equal to 0.0025. A line is then drawn connecting both strain values, and strain at each 
bar of tension rebar can be calculated using similar triangles. The value at which the line crosses 
the zero strain line is the new neutral axis value, cb, which is given from the furthest 
compression fiber. 

3.1c Balanced Condition: 

𝑐𝑐𝑏𝑏 =
𝑑𝑑

�
𝑓𝑓𝑦𝑦

𝐸𝐸𝑠𝑠𝜀𝜀𝑚𝑚𝑚𝑚
+ 1�

=
𝑑𝑑

� 60𝑘𝑘𝑘𝑘𝑘𝑘
29,000𝑘𝑘𝑘𝑘𝑘𝑘 × 0.0025 + 1�

= 0.547𝑑𝑑 = 0.547(92𝑖𝑖𝑖𝑖) = 50.3" 

𝜀𝜀𝑚𝑚𝑚𝑚 = 0.0025 

𝜀𝜀𝑠𝑠5 = 0.0013 
𝜀𝜀𝑠𝑠6 = 0.0021 

𝜀𝜀𝑠𝑠4 = 0.0005 

Ts6 Ts5 
Ts4 

Cm 

σ=0 

σ=0.8f’m 

ε=0 

Figure 3.6: Stress and Strain diagrams labeled with the appropriate force resultants and strain values at the 
balanced condition. 

c 
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Table 3.2: Used to calculate total axial loads in the y direction and the flexural loads about the 
center line for the balanced condition 

 𝐴𝐴𝑠𝑠𝑠𝑠  
(in2) 

𝑑𝑑𝑖𝑖 
(in) 

𝜀𝜀𝑠𝑠𝑠𝑠 
(in/in) 

𝑓𝑓𝑠𝑠𝑠𝑠  
(ksi) 

𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛 
(kips) 

Moment 
Arm 

𝑀𝑀𝑛𝑛𝑛𝑛𝑛𝑛 
(kip-in) 

Masonry  20.13   491.50 5.560” 2732.60 
Steel        
Bar 1 0.20 4.00 * *       * *          * 
Bar 2 0.20 20.00 * *       * *          * 
Bar 3 0.20 36.00 * *       * *          * 
Bar 4 0.20 60.00 -0.0005 -13.90 -2.80 12.000” 33.50 
Bar 5 0.20 76.00 -0.0013 -37.00 -7.40 28.000” 207.10 
Bar 6 0.20 92.00 -0.0021 -60.00 -12.00 44.000” 528.00 
Total 1.20    469.30  14,466.50 

*Compressive steel is not calculated as a compressive force per TMS 402-16 Section 9.3.2 

 

𝜙𝜙𝑃𝑃𝑏𝑏 = 0.9(469.3𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘) = 422 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

𝜙𝜙𝑀𝑀𝑏𝑏 = 0.9 �
14,466.5 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑖𝑖𝑖𝑖

12 𝑖𝑖𝑖𝑖/𝑓𝑓𝑓𝑓
� = 1085 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 
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3.2 CMD21 Input (10’ Wall): 

Using the CMD21 design program, input values were filled in for the 8’ wide, 10’ tall shear wall.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This example 
problem used 
the 2016 TMS, 
although 
other codes 
are available. 

This shear wall 
is designed, 
fully grouted, 
and reinforced 
as a special 
shear wall. 

This 8’ shear 
wall is 10’ tall 
with no 
flanges, and it 
is fully 
grouted, so 
grout spacing 
is indicated as 
8” o.c., 
meaning both 
cells of the 
16” blocks are 
grouted. 

This rebar 
spacing 
follows the 
given diagram, 
figure 3.2, of 
the shear wall. 
Two types of 
rebar must be 
input to 
account for 
the change in 
spacing, the 
24” gap 
between bars 
of rebar, in the 
center of the 
wall. 

The given 
material 

properties. 

The given site 
properties and 

geometry. 

Given or 
calculated 
loads are 

input here, 
and, given 

that this 
problem is 

calculating a 
strength 

design shear 
wall, live load 

is not 
considered. 

The program 
will not 

calculate the 
loads at the 

bottom of the 
wall, so if the 

loads at the 
base of the 
wall are the 

ultimate 
loads, they 

will need to be 
calculated and 

input here. 
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3.3 CMD21 Output (10’ Wall): 

The CMD21 program outputs the following pages, which include the input properties, a plan 

view sketch of the wall, output values, some general calculations, load combinations, and a 

separate output of the interaction diagram was included as well.  
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3.4 CMD21 Input (16’ Wall):  

The CMD21 input was populated with the same values once more, but the height of the wall was 

changed to 16’ to account for out-of-plane slenderness. 
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3.5 CMD21 Output (16’ Wall): 

The most notable change from the 10’ wall output values to the 16’ wall output values is a 

decrease in axial capacity in the “Output” section, under “P vs M Diagram Points.” 
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3.6 Summary Comparing Hand Calculations to CMD21 Results: 

Hand Calculations: 

• Pure Axial: ϕ𝑃𝑃𝑛𝑛 = 516𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 
• Balanced Condition: ϕ𝑃𝑃𝑏𝑏 = 422 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, ϕ𝑀𝑀𝑏𝑏 = 1085 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 
• Pure Flexural: ϕ𝑀𝑀𝑛𝑛 = 240 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 

 

CMD21 Result (10’ Wall Height): 

• Pure Axial: ϕ𝑃𝑃𝑛𝑛 = 675𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 
• Balanced Condition: ϕ𝑃𝑃𝑏𝑏 = 358 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, ϕ𝑀𝑀𝑏𝑏 = 1084 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 
• Pure Flexural: ϕ𝑀𝑀𝑛𝑛 = 246 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 

 

CMD21 Result (16’ Wall Height): 

• Pure Axial: ϕ𝑃𝑃𝑛𝑛 = 516𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 
• Balanced Condition: ϕ𝑃𝑃𝑏𝑏 = 258 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, ϕ𝑀𝑀𝑏𝑏 = 1084 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 
• Pure Flexural: ϕ𝑀𝑀𝑛𝑛 = 246 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓 
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4.0 Ease of Use Based on Program Verification: 

The CMD21 program was assessed based on the program verification in section 3.0 of this 

report. Three inaccuracies and a few observations beyond the scope of the CMD21 manual 

were recorded, and, in response, there are suggested improvements to be made to the 

program. 

4.1 Inaccuracies: 

• The CMD21 manual has an example problem, on page 79, that describes a shear wall 

loaded in-plane. The example problem defines the distributed dead load as 4.5 klf, which 

produces a point load of 49.88 kips, while the CMD21 input uses 6 klf multiplied by the 

8’ length of the wall to produce a 61.888 kip point load at the center of the wall to 

represent the dead load. 

• An error message with the code E3102 was displayed with the message, “Grout Spacing 

must be in even multiples of cell spacing,” while the same error in the CMD21 manual is 

listed as error code E3602. 

• The strength design in-plane loading shear wall input form in CMD21 includes an input 

that reads, “The shear wall is under single curvature as per MSJC Section 9.3.6.6.3.” The 

input should read, “The shear wall is under single curvature per the TMS 402-16 Section 

9.3.6.6.3.” 
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4.2 Observations: 

• In an example problem such as the one in section 3.0 of this report, slenderness is 

represented out-of-plane at a 16-foot height, while the wall loads are being applied at 

the opening height of 10 feet. A CMD21 analysis, equivalent to hand calculations, would 

need to account for this out-of-plane slenderness in order to delineate accurate results.  

• Every time input values are adjusted, the design building code input defaults to the  

2022 CBC, which can lead to accidental inaccuracies. 

• The sheet number “__ of __” never populates with actual values. 

• CMD21 does not calculate design values, so ultimate values at the base of the wall must 

be calculated separately and input by the user in the “Applied Loads” section. 

• The interaction diagram does not differentiate between nominal and design values when 

the diagram is printed in black and white. 

4.3 Suggested Improvements: 

• Graph points should be labeled or listed somewhere on the interaction diagram because 

it is printed as a separate report and not included in the complete report. 

• Indicating fully grouted in the grout spacing input should be clearer. 

• Interaction diagram lines should be indicated by different line weights or dashes. 

• In-plane axial load is affected by out-of-plane slenderness, so there needs to be a 

warning or a software modification to account for this. 
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Figure 4.1: Wall elevation depicting both in-plane and out-of-plane heights 



 

 25 

 

 

 

 

5.0 Conclusion: 

Learning how to use CMD21 throughout this spring quarter was an exciting experience. I 

successfully practiced self-learning through the use of the CMD21 user manual and masonry 

hand calculations. Overall, I would recommend using the CMD21 software to others for in-plane 

strength design of shear walls, given my experience with the program, as long as the user is 

aware of the most pressing issue, the height discrepancy between the out-of-plane slenderness 

height and actual in-plane height of the wall. Upon combining results using both possible wall 

heights, I was able to determine fairly accurate capacity values, as listed in section 3.6. The 

capacity values acquired were somewhat conservative, but, overall, not too different from the 

hand-calculation values. Therefore, I would be able to save time and calculate masonry shear 

wall capacities efficiently by using the program in industry. The program environment is, for the 

most part, simple and straight forward. There are three inaccuracies that I discovered within the 

program and user manual, as listed in section 4.1, though none of them alter the effectiveness 

of the program itself. The observations that I made, as listed in section 4.2, are most likely to 

lead to inaccurate results and user errors, thus they are logically followed up by suggested 

improvements in section 4.3. I enjoyed using the CMD21 program, and I will likely use it again in 

the future. 
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6.0 Appendix 

6.1 CMD21 User Manual Table of Contents:
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6.2 CMD21 User Manual Chapter 7: 
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