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In the domain of structural engineering, the interface between steel and concrete represents one of the most critical
zones for ensuring the global stability of a building. The design of headed anchor bolts and base plates is not
merely a task of selecting hardware; it is a complex intersection of metallurgy, load-path analysis, and concrete
mechanics. This technical analysis explores the evolution of anchor rod design, primarily focusing on the AISC
360-16 specification and the ASTM F1554material standard, which has become the industry benchmark for
structural anchoring.

The Critical Role of Anchor Rods in Structural Systems

Anchor rods, often referred to as anchor bolts, serve as the primary mechanism for transferring structural loads

from the steel superstructure to the concrete foundation. These loads include vertical compression, uplift (tension),
and lateral shear. In seismic or high-wind zones, the performance requirements for these elements increase
significantly. Historically, designers used a variety of materials, including ASTM A36 or A307, but the introduction of
ASTM F1554provided a dedicated specification for anchor bolts, offering three distinct strength grades that
simplify the selection process for engineers.

The Evolution of AISC Standards

The American Institute of Steel Construction (AISC) has consistently refined the methodology for base plate
design. The transition from AISC 360-10 to AISC 360-16 incorporated advances in the understanding of how
anchors interact with reinforcement and the surrounding concrete. Specifically, AISC 360-16 Section J9 and ACI
318-14 Chapter 17provide the dual framework required for modern design. While AISC governs the steel strength
of the rod, ACI 318 governs the concrete-related failure modes, such as breakout, pullout, and side-face blowout.

ASTM F1554: The Definitive Material Standard

The ASTM F1554 specification is the standard for straight, bent, headed, and wedge-type anchor bolts. It covers
three grades based on yield strength. Understanding these grades is fundamental to base plate and anchor rod
design.

e Grade 36: This is a standard carbon steel bolt with a minimum yield strength of 36 ksi. It is highly weldable
and suitable for most general applications.

e Grade 55: A high-strength, low-alloy steel with a 55 ksi yield strength. This grade is often used when Grade 36
does not provide sufficient capacity but Grade 105 is excessive. It is important to note that Grade 55 can be
ordered with a Supplement S1 for weldability.

e Grade 105: This is a heat-treated, high-strength alloy steel with a minimum yield strength of 105 ksi. It is
typically used in heavy industrial applications or where space constraints limit the number of bolts.

Comparative Matrix of ASTM F1554 Grades



Property Grade 36 Grade 55 Grade 105

Yield Strength (min) 36 ksi 55 ksi 105 ksi

Tensile Strength 58 - 80 ksi 75 - 95 ksi 125 - 150 ksi
Common Finish Plain / Galvanized Plain / Galvanized Plain / Galvanized
Weldability Excellent With Supplement S1 Not Recommended

Technical Mechanics of Headed Anchor Bolts

The design of headed anchor bolts has largely superseded the use of "J" or "L" shaped hooked bolts in high-
demand structural applications. Research published in the Engineering Journalby Shipp and Haninger (1983)
and subsequent studies have demonstrated that headed bolts provide superior anchorage capacity. Hooked bolts
tend to fail by straightening out under high tensile loads, a failure mode that occurs well before the steel reaches its
ultimate tensile strength.

Failure Modes Under Tension

When an anchor rod is subjected to tension, the engineer must evaluate four primary failure modes as defined by
ACI 318-14 Chapter 17:

1. Steel Strength in Tension: The physical limit of the bolt itself. For ASTM F1554 rods, this is the cross-
sectional area multiplied by the ultimate tensile strength, adjusted by a strength reduction factor (phi).

2. Concrete Breakout Strength: This occurs when a cone of concrete pulls out of the foundation. The capacity
depends on the effective embedment depth (h_ef) and the presence of cracked or uncracked concrete.

3. Pullout Strength: Relevant for headed anchors, this is the resistance of the bolt head against crushing the
concrete immediately above it.

4. Concrete Side-Face Blowout: This occurs when the anchor is located near a concrete edge and the lateral
pressure from the bolt head causes the side of the concrete to fail.

AISC 360-16 Base Plate Design Methodology

The design of the base plate itself is inextricably linked to the anchor bolt configuration. The primary goal is to
distribute the column load to the concrete foundation without exceeding the bearing strength of the concrete or the
bending strength of the plate.

Step-by-Step Design Workflow

1. Determine Loading Requirements: Calculate axial loads (P), moments (M), and shears (V) based on ASCE 7
load combinations.

2. Determine Base Plate Area: The required area (A_1) is initially estimated based on the bearing strength of
concrete. If the plate covers only part of the foundation (A_2), the bearing strength can be increased by a factor of
sqrt(A_2/A_1), up to a maximum of 2.0.

3. Calculate Plate Thickness: For small base plates, Thornton's Method(1990) provides a simplified approach
to determine the bending at the critical sections near the column flanges and web. The thickness (t_p) must be
sufficient to prevent yielding.



4. Anchor Rod Selection: Based on the tension (uplift) requirements, the number and diameter of ASTM F1554
rods are selected. A minimum of four bolts is standard for stability during erection.

Combined Tension and Shear

In many applications, anchor rods are subjected to simultaneous tension and shear. AISC 341-10 and AISC 360-16
provide interaction equations to ensure the bolt can withstand these combined stresses. Shear is typically
transferred through friction between the plate and the concrete (if there is enough axial compression) or via shear
friction and the bearing of the anchor rods against the concrete.

Anchor Bolt Tolerances and Field Implementation

One of the most significant challenges in structural steel construction is the placement of anchor rods. The
American Society of Concrete Contractors (ASCC) and the AISC Code of Standard Practiceemphasize  that
field tolerances for anchor rods are far more stringent than those for general concrete work. If anchor rods are
misplaced, the base plate will not fit, necessitating expensive and time-consuming field remediation.

ASCC and AISC Tolerance Standards



Feature Standard Tolerance AISC Recommendation

Location from Center +/- 1/16 to 1/8 inch Use Oversized Holes
Vertical Alignment Within 1/4 inch per foot Ensure Plumbness
Projection Height +/- 3/8 inch Allow for Grout and Nuts

To mitigate placement errors, engineers often specify oversized holesin base plates. These holes are significantly
larger than the bolt diameter (e.g., a 2-inch hole for a 1-inch bolt). Heavy plate washers are then used to cover the
holes after the column is aligned and the nuts are tightened.

Mathematical Framework for Concrete Breakout

The concrete breakout strength is calculated using the Concrete Capacity Design (CCD)method. The basic
formula for the nominal tensile strength of a single anchor in cracked concrete is:

N_b =k_c *sqrt(f'c) * (h_ef)*1.5
Where:

e k_c: 24 for headed anchors.
« f'c: Specified compressive strength of concrete.
» h_ef: Effective embedment depth.

This base capacity is then adjusted by factors representing edge distance (psi_ed,N), group effects (A_Nc/A_Nco),
and the presence of reinforcement. For high-seismic applications (AISC 341-10), the design must ensure that the
steel of the anchor rod yields before the concrete breaks out, promoting a ductile failure mode rather than a brittle
one.

Case Study: W14 Column Base Plate Analysis

Consider a W14x176 column subjected to a factored uplift load of 150 kips. The design utilizes four 1.5-inch
diameter ASTM F1554 Grade 55 anchor rods.

Technical Evaluation:

e Steel Strength: A 1.5-inch rod has a gross area of 1.767 sq. in. The tensile stress area is approximately 1.405
sqg. in. With Grade 55 (F_u = 75 ksi), the nominal strength is 105.4 kips per bolt. Total steel capacity exceeds 400
kips, providing a high safety factor for the 150-kip load.

* Embedment Depth: To prevent concrete breakout, the rods must be embedded 25 inches into the concrete
pier. This depth ensures the "cone" of influence is large enough to engage sufficient concrete mass.

« Base Plate Requirements: A 24-inch square base plate with a 2.5-inch thickness is required to distribute the
compression load and resist the bending moments generated by the anchor rod tension during uplift.

Troubleshooting Common Failure Modes

In the field, several operational challenges can compromise the integrity of the anchor bolt system. A Senior
Technical Writer must highlight these for engineering oversight:

« Grout Voids: If the grout between the base plate and the foundation is not properly placed, the bearing area is



reduced, leading to local concrete crushing.

e Bent Rods: Contractors may attempt to bend misplaced rods into position. This introduces residual stresses
and can cause micro-cracking in high-strength materials like ASTM F1554 Grade 105.

« Insufficient Edge Distance: Placing anchors too close to the edge of a pier significantly reduces the concrete
breakout capacity, often by more than 50%.

Remediation Strategies

If an anchor bolt is installed incorrectly, solutions include adhesive anchoring (using epoxy-set rods) or the use of
plate-and-nut assemblies if the bolt is too low. However, any field modification must be reviewed by the Engineer
of Record (EOR) to ensure compliance with AISC 360-16.

Synthesis of Modern Design Practices

The integration of AISC 360-16 and ASTM F1554has brought a new level of rigor to the design of headed anchor
bolts. By moving away from traditional hooked bolts and toward engineered headed assemblies, the industry has
achieved higher load capacities and more predictable performance. The transition to the CCD method for concrete
breakout evaluation ensures that the interaction between the steel rod and the concrete substrate is fully
understood, particularly in extreme loading scenarios.

Ultimately, the success of a structural anchoring system depends on the synergy between the designer's
mathematical models and the contractor's precision in the field. From the selection of the correct ASTM grade to
the implementation of anchor bolt tolerances, every step in the process is vital. As structural demands continue to
increase with more complex architectural forms, the reliance on these fundamental engineering principles remains
the bedrock of safe and durable construction.
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